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ABSTRACT 

This dissertation concerns an induction-motor drive 

fed from a rectifier-controlled current inverter source. The 

u se of a speed regulator, p-i current regul ator and slip-

speed regulator makes this drive a closed-loop system. 

The work in the beginning discusses the steady-state 

performance of the drive. Effect of variation in load torque 

on the drive power output, induction-motor stator voltages 

and power factor, and drive efficiency at different p.u. 

operating frequencies are discussed. 

Induction-motor fed from rectifier-controlled-current-

inverter source exhibit instability in open-loop mode of 

operation in unstable zone of torque-speed characteris-

tic. However, this is the only region where the drive can 

be operated without causing saturation in the induction-motor. 

As such speed regulator, a p-i current regulator and a slip-

speed regulator are used to stabilize the drive. The system 

characteristic equation is developed by employing the theory 

of shall displacement and the D-partitioning technique is 

applied for parameter coordination which ensure stable opera-

tion of the drive over very wide range of speed variation 

with a prescribed degree of stability. 

A method of predicting the drive performance as affect-

ed by stator current harmonics is also presented here. Only 

the 6th harmonic torque pulsation phenomenon is considered 
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here since only the lowest order harmonic-torque pulsations 

can affect the steady-state drive performance for practical 

speed range and system parameters. 

The transients response of the drive is determined 

for all three sets of controller parameters and the optimum 

set is finally determined. 
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LIST OF SYMBOLS 

inertia constant of induction motor in second 

II 	inverter input current 

IR 	current in d.c. link 

IR 	reference d.c. link current 

J 	polar moment of inertia in kg-m2  

gain of p-i current controller 

KSQ 	proportionality constant of slip regulator 

KSp 	proportionality constant of speed regulator 

P 	number of poles 

RF 	filter resistance 

T 	time constant of p-i current controller 

Te 	electromagnetic torque in Newton-meter 

TL 	Load torque in Newton-meter 

V  as' Vbs induction motor phase voltages 
V cs 

VI 	inverter input voltage 

v R 	output voltage of rectifier 

VS 	magnitude of line-to-neutral source voltage(r.m.s. 

XCO 	commutating reactance 

XF 	inductive reactance of filter circuit 

m 	mutual reactance at base frequency 

Xr 	rotor reactance at base frequency 

XS 	stator reactance of induction motor at base 
frequency 

fb 	base frequency 

las' ibs' stator phase currents 
i cs 



dr current in ' d-axis rotor winding in synchronously 
rotating reference frame 

idse  current in d-axis stator winding in synchronously 
rotating reference frame 

igre  current in q-axis rotor winding in synch ronou sly 
rotating reference 

igse  current in q-axis stator winding in synchronously 
rotating reference frame 

rotor resistance 

stator resistance 

t 	time in second 

vd se 	voltage across d--axis stator winding in synch ronou sly 
rotating reference frame 

vgse 	voltage across q-axis stator winding in synchronously 
rotating reference frame 

a 	firing angle of rectifier 

4e 	angular position of synchronous reference frame 

8r 	angular position of rotor 

wb 	base angular frequency, 

wr 	zotor speed o f induction motor 
Wr 	reference rotor speed of induction motor 

LJ Q 	slip speed of induction motor s 
4 	represents change in variables 

suffix 0 represents variables in steady-state operation 

suffix 6 represents variables in 6th harmonic operat:ioii 

suffix b represents base quantities 
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CHAPTER -.1 

INTRODUCTION 

1.1 LI TERAIU RE RIV I Ew 

An electric drive basically consists of an electric 

motor associated with control equipment (that may include 

a frequency converter, rectifier etc.) to convert electrical 

energy, into mechanical energy and thereby to provide a versa-

tile control of speed, torque etc. of the electric motor. 

Normally among the statically-controlled electric 

drives, a d.c. motor, operated under variable speed condi-

tions by a static power controller, , is a popular choice. But 

the main drawbacks of a d.c.motor are 

(i) increase in cost and decrease in power/weight ratio 

because of elaborate mechanical commutator, 

(ii) - 	accentuated sparking at high cu rrent $ and speeds, 

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

machines, and 

(iv) limited armature current due to commutation problan. 

Because of the above drawbacks of a d.c.motor, a 

suggested alternative is to use a squirrel-cage induction 

motor, a synchronous motor or a reluctance motor, operating 

at variable frequency and supplied from a static frequency 

converter. The use of a cage induction motor has the follow-

ing advantages - 
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(i) The cost of the squirrel-cage induction motor is only 

about one sixth that of a d.c• motor of the same speed 

and power rating. 

(ii)  The power/weight ratio of the squirrel-cage induction 

motor is about twice that of a d.c. motor. 

As a result of availability of SCRs interest in varia-

ble speed induction motor drives has shown a tremendous 

increase and in the recent years many new techniques, suitable 

for adjustment of the speed of the a. c. motors, have been 

developed. 

One such method is the variable voltage control by 

thyristors Q., 2J used for subsynchronou s speed control of the 

induction motor. In this scheme, normally three pairs of anti-

parallel SCRs are installed, one in each line, and firing 

angles are symmetrically controlled to snoothly regulate the 

stator voltage of the motor. 'Thus, the voltage applied to the 

motor can be varied from zero to full supply voltage. The 

operating efficiency of this method is poor and derating is 

necessary at low speeds to avoid overheating due to excessive 

current and reduced ventilation. 

Another method for speed control of .induction motors, 

applicable only in the case of slip-ring type, is variation 

of the rotor resistance r 1, 3 J . In this method, a portion of 

the input power fed to the stator is extracted from the rotor 
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and is dissipated in the external rotor resistance with a 

consequent reduction in speed. In this method also efficiency 

is poor because the rotor slip power is dissipated in rresi storse 

Yet another method for speed control of the slip ring 

induction motor is the static slip power recovery sehemeD , 4 .In 

this method slip power is removed from rotor circuit and 

utilized externally, thereby improving the overall efficiency 

of the systen. In these cascade connections, the slip power 

is either returned to the supply network or is used to drive 

an auxiliary motor which is mechanically coupled to the induc-

tion motor shaft. 

¶he most versatile method giving efficient wide-range 

speed control is the variable frequency control E 1,,5 ] of the 

induction motor. The variable frequency supply alters the 

synchronous speed of the induction motor. 

Polyphase induction motor used in static variable 

frequency drive systems are versatile torque transducers 

having operating characteristics and features which meet the 

requirements of modern variable speed drive systems. Some of 

these characteristics are the capability for operation.  at very 

low and high speeds, at high torque and overloads, in a constant 

horse power or torque versus speed mode, and in the negative 

torque range for dynamic braking. 

The variable frequency operation of an induction motor 

is obtained by the use of frequency converter. A frequency 
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converter is 	,tna-  crr--equipment-----t at-,can- gen.er&te.-or -convert 
the input supply to an a.c. supply of variable frequency and amp-
litude. The rotating types of frequency converter have been used 
in past but now--a-days are out-dated and are replaced by the 
solid-state frequency converters. 

Tho static frequency converters are divided into two categories-

(i) D. C. Link Converters (ii) Cyclo-converters. 

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

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 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. 

A cyclo-converter is a device to convert directly the 

a.c. supply of fixed frequency to that of a lower output 

frequency and does not require intermediate rectification. The 

output frequency range is limited to about one-third of the 

supply frequency and therefore the drives employing cyclo- 

converters are suitable only for operation at low frequency or 

speed range. 	However the basic advantage-  of a cyclo-converter 

is its inherent capability of regenerative operation and a 

close approximation of the output voltage to a sine wave, parti-

cularly at low frequencies, since the output wave is fabricat-

ed from the segments of the input supply wave form. 
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In general for wide range speed control and where 

regenerative braking is not essential a d.c. link converter fed 

induction motor is the best choice. 

For optimum motor performance and effective utiliza-

tion of core material, the air-gap flux of the induction motor 

should be maintained constant. It can be maintained approxi-

mately constant by keeping a constant voltage/frequency ratio, 

I . e. varying the supply voltage proportionately as the frequen-

cy is varied. However with constant vhf operation, the perfor-

mance of the motor deteriorates at low frequencies because at 

low frequencies the influence of stator resistance is increased 

and consequently the air-gap flux reduces to some extent. 

Hence, in order to improve the low frequency characteristic, 

the terminal voltage should be increased more than the propor-

tionate value. The required boost actually depends upon the 

design and size of the motor. Further, it can be shown that 

the electromagnetic torque is proportional to square of El/fl  

or air gap flux, at a given rotor frequency f2  [ "1  . Con se-

quently, if El/fl  or air-gap flux is maintained constant, the 

torque is solely determined by the absolute rotor frequency. 

f 2  and is independent of supply frequency, f1• 

Thus a control scheme in which the rotor slip frequency 

is directly controlled while maintaining the constant air-gap flux 

El/fl, the drive can exhibit a precise control and adjustment 

of torque at any speed. The air-gap flux of the motor can also 
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be indirectly detennined by the stator current and rotor slip 

frequency f 2  In a closed loop system in which f 2  and st at o r 

current are held constant the drive develops a constant torque 

at all motor speed F 1] . Thus with a control strategy in 

which the stator current Il, as well as rotor frequency f 2  are 

controlled in order to maintain the air-gap flux constant high 

torque canbe obtained through out the entire range of speed 

control. The basic advantage of controlled-current operation 

is that there is no necessity of large over current capacity 

of the inverter since there are minimum current surges and 

thus the inverter design is economical. 

The rectifier-inverter system have been more popular 

in comparison to the cyclo-converte1r systems in a variety of 

industrial applications for the purpose of controlling the 

speed of a.c. motors by adjusting the frequency of the applied 

voltages. There are many problem associated with this type of 

variable frequency drive. The problem of drive instability at 

low frequency operation is one of the major concerns in the 

design of rectifier-inverter drive systems which are to operate 

over a wide speed range. 

The stability study of a rectifier-inverter induction 

motor drive has been done by Lipo and Krause [ 6 ] by neglect-

ing the harmonic content of the stator voltages and applying 

Nyquist stability criterion to the snail displacement equations 

obtained by linearization about a steady-state operating point. 
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This investigation reveals that system instability can occur 

over a wide speed range with improper selection of drive para-

meters. The results are verified by comparing the -  predicted 

system performance obtained frcn an analog computer simulation. 

The regions of instability depend upon various system para-

meter viz, motor and filter parameters and rectifier commutating 

reactance. -  The interchange of energy between the filter compo-

nents and the magnetic field of the motor causes instability 

at low operating frequency of this drive. 

The stability problem of rectifier-  inverter induction 

motor drive has been studied by F• Fallside employing Routh 

Hurwitz criterion [ 7 J.  The instability boundaries are 

found to be double valued. The result of the analysis gives 

design information which allows motor parameters to be chosen 

or modified to avoid instability over the working range of 

operation. This, however may lead to a special design or an 

inefficient drive. A preferable method which allows standard 

machine is the use of feed-backs to stabilize the drive. 

Most of the solid-state variable frequency power• 

supplies, provide a voltage source rich in harmonics. The 

associated problem has been discussed in some details by 

Klingshizn and Jordan [ 8 	for induction motor drives e .An 

important problem is the rotor-speed pulsations. In applica-

tions where uniform speed of rotation is mandatory, such as 

machine tool, antenna positioning, and other applications, it 



is important to establish a method for obtaining the magnitude 

of these speed oscillations. 

This problem differs from that of system instability 

in that the torque pulsation and the resulting speed oscilla-

tion is a natural consequence of the inverter voltage wave 

shape rather than .a result of an improper choice of system para-

meters, the steady-state torque pulsation can not be eliminated 

completely. In many cases these torque pulsations define the 

lower limit of the speed range which yields satisfactory sys-

tem performance. 

In previous studies considerable attention has been 

given to calculating these electromagnetic torque harmonics. 

Jain L9 ] by neglecting the stator resistance has established 

a general equation for the average torque for an arbitrary 

balanced set of applied voltages. Ward and Kazi =10 ] have 

derived an instantaneous expression for the electromagnetic 

torque by calculating the eigen values of the system characteris-

tic equation. Sabbagn and ewan [u al so developed an 

expression for the instantaneous electromagnetic torque by 

means of the instantaneous symmetrical component transformation. 

Krause [ 12 ] has discussed the effect on harmonic torque 

considering continuous and discontinuous stator current modes 

of operation for the case of open-loop rectifier controlled-

voltage inverter source fed induction motor drive. In actual 

system neither the rotor speed nor terminal voltage is constant 
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The effect of both changes of speed and changes in inverter 

voltage has been incorporated in this analysis by Krause. How-

ever the influence of the 12th and higher harmonics are not 

considered. It has been shown by means of a hybrid computer 

solution that these higher harmonics do not contribute appre-

ciably in the speed oscillation. In this paper only the 

influence of a change in the parameter XCF  (filter curcuit 

capacitance) was investigated in detail. It is clear that 

other parameters also significantly influence the magnitude of 

the 6th harmonic torque pulsation. For example the connected 

load provides damping and additional inertia to the systen, 

and tends to reduce speed deviation, thus decreasing the torque 

pulsations. If the average value of rectifier voltage is 

increased, the forcing function of 6th harmonic voltage is 

increased, thus ihereasing the 6th harmonic torque pulsation. 

Hence when the system is operated so as to maintain a constant 

breakdown, torque, the harmonic torque ccxnponent increase as 

well as average torque component. It was shown that the 6th-

harmonic fluctuations in inverter voltage and rotor speed 

have a significant effect on the magnitude of the steady-state 

6th harmonic torque. For practical systems this pulsation at 

low frequencies typically becomestwo or three times greater 

than that predicted by a classical constant speed, constant 

voltage analysis. 
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Hence such a system is specially suited to operations requir-

ing frequent acceleration and deceleration. r 15] . 

State-variable steady-state analysis of induction 

motor supplied from ideal current inverter source, is done by 

Lipo r 16-1. The exact equations defining steady-state opera-

tion of a controlled current induction-motor drive system are 

derived by solving the system state equations in the station-

ary reference frame. Saturation has an important effect on 

motor performance. The slope ratio method was incorporated 

to account for this effect and the torque-speed characteristic 

determined. 'lb nque remains very snail until the motor 

approaches synchronous speed, then rises rapidly. Similar 

characteristic is obtained by Cornell L17 a experimentally and 

by M .L.M acdonald r 18 ]using DO model. Sharp rise in flux lin--

kage occurs as slip approaches zero. This results in saturation 
and high losses in a practical machine. 'thus operation at full 

cu rren t at , low slip is to be avoided C 18 j. 

Investigation of feasible operating points indicates 

that if the motor is to remain unsaturated it must be operated 

in the open-loop unstable region of its for ue-- slip characteri s-

tic, thus, feedback control is required in order to achieve 

stable operation ti6 —1 • 

Subsequently, the cont rolled-current inverter fed 

induction motor drive system was simulated on an analog 

ccxnputer and simultaneously a 100 HP systan was built and 
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Current source converter for a. c. motor drives has 

been discussed by Phillips L 13J. An inverter operating 

from a high impedance d.c. current source is quite different 

from an inverter which operates from a low impedance d.c.vol-

tage source. Voltage source converters merely change line 

voltage and frequency to a setable ad ju stable 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 break down point or cause regenera-

tion to occur in the converter by overhauling the motor. In 

either case, and ultimately shut down or damage to the motor 

or converter results. Voltage source type inverters use auxi-

liary impulse commutation. However recent advances in SCR 

blocking voltage capability makes the complementary impulse 

commutated current source inverter useful.[ 14] 

Current source inverter possess certain advantages 

over the voltage source inverter. The advantages are 

(i) non-inverter grade thyri ster can be used 

(ii) commutation capability is load current dependent 

(iii) inverter can recover from a direct short circuit 

across any two of its output terminals. 

(iv) the inverter converter arrangement is naturally 

capable of power regeneration. 



tested in the laboratory £14 J.  The control system uses two 

feed back loops to control motor slip frequency and torque. 

The slip-control loop measures rotor speed adds in slip fre-

quency, and provides the inverter with the correct synchronous 

frequency to maintain constant slip. Slip control allows the 

rotor to be operated at instant power factor over  whatever 

load range is desired. The torque control loop monitors 

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

and controls the rectifier bridge triggers to maintain constant 

current . Since motor torque is proportional to current squ a r-. 

ed, this loop effectively regulates motor torque. 	Thus the 

overall characteristics of this drive are similar to those of 

a series d.c. motor. Motor torque is determined by the 

reference input which makes operating speed dependent upon 

shaft load. 

The excellent agreement between computer and labora-

tory data demonstrates computer simulation as an effective 

method for designing current source inverter induction motor 

d rive S. 

The stead-state performance of an inverter fed induc-

tion motor drive by means of time-domain complex variables is 

carried out by D. W. Novotny £ 20 J. The analysis method and 

result presented in this paper provide a simple means of obtain-

ing waveform information for inverter driven induction motor. 
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The steady- state solution for a current formed inver-

ter fed three phase induction motor is discussed using Boun-

dary Valve Approach by K. R. Rao r  211. The linearity of the 

different equations at constant slip was utilized for using 

the superposition ideas and for obtaining a quick guess in 

respect of the initial vectors. 

The modelling and design of controlled-current induc-

tion motor drive system is dine by Cornell et al [ 17 J. Tran s-

fer function approach to the transient response investigation 

is formulated by means of d-q variables in to synchronously 

rotating reference frame. The steady-state characteristics 

have been shown 	correlate within a few percent of the theore- 

tical predictions using the state-variable technique by Lipo 

r 16j. Transfer function for various input and output is 

found out from equations which describe the behaviour of 

machine during snail excursion about a steady-state operating 

point. For stability studies locations of poles and zeros are 

examined. If an open-loop operation is attempted the system 

will either slow down to zero speed or speed up and operate 

in a highly saturated condition. A closed-loop control'is 
imperative for stable operation. independent current magnitude 

and slip frequency control will result in stable operation for 

full motoring and regenerative operation. Additional system 

damping is achieved by constraining slip frequency tb respond 

to change in d. c. link current. By doing so rated air gap flux 

is  maintained in induction motor. 
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The frequency response measurements made on a hybrid 

computer simulation and actual laboratory hardware establish 

the Validity of this approach. 

M.L.MacDon.ald in his paper C 18 I presents a systema-

tic study of the various control loops in a current source 

inverter induction motor drive and their effects on the dyna-

mic response and stability of the system. A d-q model is 

developed which incorporats the induction motor and the 

inverter power supply with current feedback. The model is 
first used to determine steady-state curves to determine operat-

ing points. A linearized shall signal model is' developed to 

study stability and provide suitable transfer functions for 

various control strategies. A slip speed control stabilizes 

the system. 2Wo implementations of flux control were used 

earlier by Lipo E 17 1 and Macdonald[ 18-1 are shown to have 

little 4tfference. In general flux control has been shown to 

further improve dynamic performance and to enable simplifica-

tion of the drive model i.e.  several pole-zero cancellations 

are possible. 

The transient response of controlled-current inverter 

fed induction motor with independent current and slip frequency 

controls, is investigated by B.deFornell and B. Noyes r22 

and compared with open-loop sy stem. Its transient behaviour 

is stable for all operating points, and the control of the 

rotor current frequency and the shape and amplitude of the 
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stator currents results in a great reduction in the maximum 

amplitudes of torque oscillations during starting. Thus, the 

constraints imposed upon the converter are 1 ess than in the 

case of a voltage-fed system. 'Ibis permits a very fast 

response drive without an exaggerated overrating of the static 

converters. 

A simplified analytical model for steady-state analy-

sis of a rectifier current source inverter (CSI) induction 

motor drive is developed by S. $emi r t.  23 j and verified by 

comparing computer results with those obtained for the same 

system represented in details. The simplified model, which 

represents system behaviour in the synchronous reference frame, 

neglects converter harmonics but include an approximation of . 
computer 

the voltage spikes produced during inverter commutation. The! 

simulation result demonstrates the usefulness of the simplified 

model for the study of control dynamics. 

1.2 AU TFIOR' $ CON TRIBU TION 	 - 

The author considers a closed-loop induction motor 

drive operated from a rectifier-controlled-current inverter 

source. It is well known . that such a drive, in the open-loop 

mode of operation, exhibits instability in almost entire 

operating range. The author has attempted to stabilise tho 

drive over very wide range f operating speeds through proper 

coordination of the parameters of the controllers. The 

controllers used are - 



(i) proportional speed controller 

(ii) p-i controller working on d.c.link current 

(iii) slip regulator. 

The author first developes a mathematical model of 

drive in per unit system. 

Next, in chapter 3, she discusses the steady-state-

drive performance, such as power output, voltage, power 

factor, efficiency etc. as affected by .change in load torque 

at different p.u. operational frequencies. 

In Chapter 4 the stability analysis of the drive is 

carried out. 'he author uses the D-partitioning technique to 

coordinate drive parameters. The controller parameters are 

determined to ensure a certain minimum degree of relative 

stability of the system and give similar performance at all 

p.u. operating frequencies. 

The subject matter of the chapter 5 is the problem of 

torque and speed pu sl ation s caused due to nonsinusoidal 

current waveform of the inverter output. A detailed study 

has been made to determine the magnitude of the sixth harmonic 

torque, current, voltage and rotor speed pulsations of the 

motor when operating under different speed and load conditions. 

In chapter 6 the transient performance of the drive is 

discussed using a nonlinear 5th-order state-space model of the 
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system under various operating conditions of the drive like 

starting, sudden speed changes in both up and down direction 

and reversal in the direction of rotation of the motor. 

The concluding chapter sumsup the various studies 

made in this dissertation and gives a recommendation concern-

ing the best set of regulator parameters to achieve high-

performance characteristics of the drive. The dissertatiofi 

concludes with further scope of future work. 
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CHAPTER -- 2 

THE MA'1HEMATICAL MODEL OF 'EE DRIVE 

An a.c• drive, employing the current source converter 

consists of a controlled rectifier, a d.c. link filter choke 

(without a capacitor bank) and a current mode inverter. The 

controlled rectifier and filter choke combine to form a d.c. 

current regulator which supplies a regulated d.c. current to 

the current mode inverter. A closed loop rectifier controlled- 

current inverter source fed induction motor drive is consider- 

ed here. A drive structure containing &oTonabseed 

regulator, a per . current con}.roller for stabilization of the 

d rive and a slip regulator to maintain the rated air gap flux in 

the induction motor, has been selected. The induction motor 

has been mathematically modelled in its synchronously rotating 

reference frame.nplete mathematical equations of the drive 

suitable for both motoring and braking operations, have been 

systematically developed in Concordia's per-unit system. 

2.1 SYSTEM SN DI ED 

A diagram of the drive system studied is shown in Fick. 

2.1. This system comprises of a three-phase power source, 

controlled rectifier bridge, a d.c. link smoothing reactor, 

a current-controlled inverter (CCI) and three-phase sjuirrel-

cage induction motor. The magnitude and polarity of speed 

error are used to determine the d.c• link current reference 

value. Rectifier output voltage is controlled by a p-i 
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controller working on the d.c. link current error. The d.c. 

link current is used to set the value of slip speed through 

the slip regulator. This maintains the air-gap flux in 

machine at a constant values The slip speed is added to, or 

subtracted from, the rotor speed in order to determine the 

synchronous speed,which then decides the inverter operating 

frequency. 

2.2 SYSTEM EQUATIONS (In M.K.S. )  

When supplied from •a current-cont rolled inverter the 

motor phase currents are not sinusoidal but are rectangular 

in nature and flow for only 120 degrees of each half cycle 

(neglecting commutation effects). Ideally only two phases 

conduct at any instant of time resulting in six distinct 

modes of operation of the inverter. Fig. 2.2 shows resulting 

line currents under the assumption of quasi-steady-state 

conditions. 

With 1R as the magnitude of the current In the dec. 

link and we the inverter frequency, these stepped currentsCu 

exciting the three stator phases can be represented by the 

Fourier Series expansions given by equation (2.1), 

2 13 - IR[cos wet- cos 5 wet+ I cos 7w et 

- 1 r cos 11 wet ..... J 

bs ` 2/3 IR 	
3~cos(wet- 2n)- 1 cos(5c,i,~t+ . ) 5 	3 

+ 7 cos (7wet -~ 3n 	..... 
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21 	TT 	4 IT 

ias 	 – 	Wet - 
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 5n 
ibs I 	_ _ _ _ 	3 	 Wet -  

71/3 	2 TT 	7T 

3 
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2 Tr 
7r/3 ~~~ 	 -- 3 	 Wet--a 

n 	4n 	5n 
3 	3 

-1R _ 

Fig 22 IDEALIZED MOTOR LINE CURRENTS 

b. - AXIS 
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9 as-AXIS (STATIONARY) 

Fig 23 REFERENCH FRAMES 
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i c S =—.-x  R[co s( wet t 3~) - 1 cos( 5 wet- Zn ) 
5 	3 

n 

The phase current expressions can be transformed to 

a qe - de reference frame running at the synchronous electri-

cal angular velocity of the fundamental component of the 

current applied to the machine stator (i.e. we), The qe 

axis of the reference frame is assumed to coincide with the. 

stator a - phase axis (as) at t = 0. Fig. 2.3 shows the various 

reference axes. The following equations of transformation 

will be used to transfonn 'as' ibs and ics to the qe - de 
referenve frame, 

igse 3 Lias cos 9e+ ibs Cos(9e- 3~ ) + 

ics cos(ee+ 2n)] 

idle 	sin He+ ibs sin(9e 23 ) 	... (2.2) 

ics sin(6e + 3n)]. 

iose 3 Lias + ibs + icsi 

Substitution of ias, ib$ and ics from equations (2.1) in 

equations (2.2) yields 
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i e 0 os 

iq se = 2 	i R r1 - 2 cos 6 wet - 
143
2 cos 12 wet 

35  

is se = 2, 3 IRL -55 sin 6 wet- 	sin 12wet 
143 	

Ii 

uations (2.3) may also be written as 

1qs 	n iR gqs 

i e = 	I e ds 
 

it 	R gds 

where 

o .0(2.4) 

g e =[1- 2- cos6wt- 2 cos 12wtt q s 	3 5 	e 	143 	e 

g el— sin 6ut- 24 sin 12 wt ....a d s 	35 	e 143 	e 

If it is assumed that no power is lost in the inverter then 

v R IR -' (vas las+ vbs lbs* vcs ics) 

_ _ 	e 	e 	e 2 E vqs lqse + Vds ids l 	 .. •{ 2.b) 

Substituting the value of iq se, id se from equations (2.4) in 
equation (2.6), the inverter voltage can be expressed as 

	

v I -  3 L-vq se gq se ~ vd se gd se ~ 	 ... (2.7) 

The differential equation for the d.c.link is given by 

v RX = v1+ (RF + L - )C) IR 	 ... (2.8) 
b 
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where V is rectifier output voltage and is given by 

VRX _ K3 Vs  cos a - T x IR 	 ••• (2.9) co 

where 

V s  = supply line voltage (rns) 

XCO  = commutating reactance (ohms) 

a = firing angle 

Defining 

3'/3 Vs  cos a = VR  

Thus 

VR) - V 	 ... ( 2.10) 

substituting the expression of V RX  from equation (2.10) in 

equation (2.9) results in 

VR  = VI+ (RF+ n ACCO+ _ XF ) ZR 	 ... (2.11) 

The induction motor can be adequately modelled using a 

two-axis representation developed from the generalized machine 

theory. several assumptions are required in order to use this 

relatively elegant representation. These are as follows 

(i) The 3-phase stator windings of the motor are balanced 

and sinusoidally distributed in space. 

(ii) Rectifier output voltage is pure d•c. 

(iii) No saturation occurs and thus superposition t heoran is 

applicable. 
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(iv) The switching transients in the inverter are ignored.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 loss-free. 

The motor can then be described by the following fourth-
order matrix equation 

e 
vq s 

e 
vd s 

U 

0 

w 	 w rs+ p x 	xs 	~? X 	we 
wb 	wb b 

igse 

xs 	xs+ W Xs _ 	p 
b 	b 	b 	wb 

idse 

w ~n 	W S~ m 	rs cap X r ẁ X r b 	Uib 	 wb p 
e 

iq r 

w 	p Xm 	w m 	w~ X r rs w_ X dr b 	b 	b 	b 	r 

. . . ( 2.12) 

Here we denotes the angular velocity of the synchronously 
rotating reference frame, while wr the equivalent electrical 
angular velocity of the rotor. wb represents the base or 
reference angular velocity ' used to establish a per-.unit 
system (wb = 2nfb)• Further, 

w sQ 	we .-(ii r 	ER/ sec 	 ... (2.13) 

The electromagnetic torque equation of the motor is 

T= 3 . 1 e e e e 
Te 2 ' 2 b m~ iqs idr 	ids iqr 	... (2.14) 

where P = number of poles. 
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2.3 EQUATIONS IN THE CONCORDIA'S p.u. SYSTEK 

From equations (2.1), 

ia  S  = it I R  [cos wet - cos 5 chit + 7 cos 7 wet - 

11 cos 11 wets .. . 

Let the r.m. s. value of base current on machine side be Ib  amps. 

per phase ( subscript b stands for base). Maximum value of this 

base current is v' Ib  amps. Defining 1 p.u. d.c. link current 

(IIb) as that current which gives 1 p.u. machine phase currents. 

Thus, from above equation 

Ib  2f 
 Iab 

Hence 'lb 3 Ib 	 ... (2.15) 

Unit power on inverter side = VIb IIb 

Unit power on machine side (G ) = 3 Vb  Ib  (under unit 

power factor conditions ) where VIb  is inverter base voltage, 

and Vb  ism achine base voltage. 

Equating power on inverter side to power on machine side for 

finding out inverter base voltage, assuming lossless inverter 

VIb IIb=3VbIb 

3Vb Ib Hence VIb 	 ... (2.16) 
'lb 
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substituting the expression for Ilb  from equation (2.15) in 

equation (2.16) 

3 v z VIb  _ 	b b 	2 
n Ib  

3V'  Vb 	 ... (2.17) 
It 

Vb  
Base Impedance on machine side 	z  

	

Zb  o1-ms/phase 	... ( 2.18) 

Base Impedance on inverter side = VIb  

'lb 

3  V 

	

it 	b 

2 V b 

	

_ 182  Zb orins 	... (2.]Q ) 
Tt 

Base torque (Nm) Tba se 
G 	 ... (2.20) 

2n fb/p/2 

where fb  is base frequency in Hz. 

Dividing both -.sides of equation (2.11) by VIb  

VR 	VI RF+  it 	* w) IR  . ;Ib 

VIb VIb 	 b 	IIb VIb 

or VR` =Vt ' -h( RF ' + X O  + p XF') 1R' 	 ... (2.21) 

Dash shows various quantities in p.u. 
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In Concordia' s p.u. system p = dd with wb = 1 and ti = 2nfbt p.us 

time. 

Considering equation (2.1) 

i s s= 2 I R~co s wed 1 co s 5 wet + 1 co s 7 wet_ i cos 11 wet 
5 	7 

Dividing both sides byV 2 Ib 

1as 	coswt- 1 cos5wt+lcos7wt- 
ItVT I E 	e 5 	e 7 	e 

b 	 b 

h 0sh1 wet ..... 

or - 

asf = IR cos wet- 5 cos 5 wet+ I cos 7 wet 

cos 11 wet ••••j 	 .. (2.22) 
11 

Similarly other equations can be written in p.u. and are 
given below 

VI I ' = vq se I gq se + vd se t , gd se 	 ... (2.,23) 

e' 	' g e 	 ( 2.24) iqs IR qs 	 ... 

i e' = z ' g 	 ~•~ 

	

e 	 (2.25) ds 	R qs  

equations (2.12) also can be written in p.u. as follows - 



P x I 
_M 

w 	t 	X e 	Y ' 
s~ 

4PX w 	'X ' 
J  r 

-wsg' 	)ç.* p Xm ' 	-( s~' Xr' rr' 

to 

IN 

e 
iq r 

e' 
dr 

vq s 

vds 

	

jr, + pX$f 	 We' XS' 	p Xm 

	

w ► X' 	T'+pX' .-w'X' px' 

	

e $ 	s 	S 	e m 	m 

e! 
'q s 

-ds 

27 

...(2.2~ 

Now considering equation (2.14) 

T ` 3P 1 	Li e i e" i e i e 
e 2 2 b xYn q5 dr 	ds Clr 

3 Vb Ib 
Dividing both sides by Tbase i.e. ------~-----  

2n f b/P/ 2 

f 	e' 	e' 	e' 	e'-I Tei - Xm I Lias iar - ids iqr - 

...( 2»27) 

...(228)  

In the above equations dash variables are used to 
differentiate between p.u. system and M.K.S. system quantitie, 
In the succeeding chapters the dashes will be dropped out for the 
sake of notational convenience and it will be remembered that 
all equations are in the Concordia' s p.u. system with motoring 
convention. 

2.4 EQUATION OF MOTION 

Equation of motion is given by the following expression 

(in M.K•s.unit). 

2J dwr 	T _ T 	 •. , . (2.29 I 
P dt e L 



where 

= Polar moment of inertia, kg-m2 

p = Number of poles 

wr = speed, electrical radians per .second 

t = Time, seconds 

Te = Electromagnetic torque, Newton meter 

TL = Load torque, Newton meter 

Dividing both side of equation (2.29) by TbaSe (equation 2.20) 

J 	27; fb dwr 
= Te - TL 	 ... (,2.30} 

PFJ4 .G dt 

where  

TQ and TL are in p.u• 

The inertia constant of the machine H in seconds is 

given by 

2J( ~~' )2 
H 	.._._.  1_2 

G 

where Wb is base angular speed in electrical radiang/sec..i.e. 

Rewriting equation (2.30) 

2 2 P/  
G 	dt b 

w 
or 4'tt fb H a- (Wr) =.Te - TL 

b 

or 4i fb H d (wr') = Te - TL  
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where ti 2n fb  t andwry = 

As before, for notational convenience wr' is written 
simply as w and hence, 

4n f b Hp wr = Te  - TL 	 ... (232) 

where p = d 

2.5 CONTROL STRATEGIES 

The difference between the set value of speed and actual 

speed (i.e. speed error) decides the d.c. link reference 

current. 

I R = Ksp  (wr  - wr) 

where wr and wr  .are in p.u. 

K Sp 

 

is the proportionality con st ant • .: I R  Shoo. d not be 

more than a set maximum value Imax a s shown in Fig. (2.4) . 

The controlled rectifier output voltage is dependent 

upon the d.c. link current error (i.e. difference between the 

set value of d.c. link current and actual d.c. link current), thus 

T + V 	Kc  (1 ' p) (IR - IR) 	 ...(2.34) 
wbP 

The air-gap flux of the induction motor mu st be controll-

ed to give improved perfonnance of the drive. 'There are several 

methods for flux control, vi z. di rect flux sensing, voltage sens-

ing and current-slip frequency control. The last method is most 
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suitable for the present case because the motor current can 

be easily controlled by the current-source inverter. For 

constant V/f ratio slip speed (p.u.) is merely proportiona3 

to d, c. link current and is given by 

wsf = Ks~ IR 	 ...(2Q35) 

Where Ksf is the proportionality constant. wsf is really not 

proportional to IR for snaller values of IR due to the magnetis-

ing current ccTnponent (Fig. 2.5 ). With an approximation wSQ 

will be considered to be proportional to IR for the entire 'range 

in I R [ 18 J. The relationship between I R and wsv depends 

upon machine parameters and does not depend upon p.u. operating 

frequency. Its proof is given in Appendix ( I ). The 

synchronous speed is given by 

we 	r- wsf  

Where positive sign for wsk is taken if (w= .- wr) is 

positive i.e. for motoring operation and negative if (wr - wr) 

is negative i.e. for generating (braking) operation. 

2.6 SYSTEM PAR. METERS 

The specification of the induction motor selected for 

illustration is as below L 16 3 



SPEED ERROR -- 

Fig 2.4 PROPORTIONAL SPEED REGULATOR CHARACTERISTIC 

0 	 D C LINK CURRENT t iR ) 	- 

Flg-25 SLIP REGULATOk CHARACTERISTIC 



Motor name -plate data 

18.6 KW 

4 pole 

3-phase Y-connected 

wb  = 314 rad/ sec 

iTotal = 0.31 kg-m2  

V  rated ' 230 v (r•m • s. ) 

1rated = 64 A (r•m . s. ) 

I T 	= at ed r 118.411N-m 

Motor  and  filter parameters 

M . K. S. (oh) p.u. 

YS  0.079 0.038 

rr  0.041 0.020 

xs  4.793 2.310 

xr  5.002 2.41 

4.542 2.189 

xF  5.500 1.453 

RF  0.09 0.0240 

xw  0.063 "''• 	0.016 

31 
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Base Quantities 

Vbase 	= 132.8 volts 

Iba  Se 	64 Amps 

Tb a se 	' 164.4 N-m 

zb 	2.075 ohn 

zzb 	= 3.78 orm 

H 	= 0.15 sec. 

2.7 CONCLU ST ON 

The mathematical model of the current-source inverter 
fed variable speed induction motor has been developed in the 

Concordia's p.u. system in this chapter. The induction motor 

equations are written in a synchronously rotating reference 

frame under quasi- steady-state conditions in its". stator 

circuit. The ai r-gap flux in the induction motor i s proposed 

to be,  held at rated value under below-rated speed conditions 

of the drive by a slip regulator. A proportional speed regu-

lator, working on the speed error, will set the d.c• link 

current references while a p-i controller is proposed to main-

tain the actual d.c. link current equal to the reference value. 

Using this mathematical model various aspects of the 

drive performance, such as steady-state performance, stability 

analysis, 	harmonic torque pulsation, transient performance 

are investigated in the following chapters. 
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CATER - 3 

THE STEADY- STATE ANALYSIS OF THE DRIVE 

The introduction of controlled-current inverter employ-

ing thyristors has made the use of variable speed induction 

motor drive technically attractive. In this chapter the 

steady-state drive equations are first developed using the 

mathematical model developed in the previous chapter. The 

steady-state perfounance of the drive is detennined and the 

results are discussed. 

3.1 STEADY-STATE EQUATIONS 

Following additional assumption, in addition to those 

in the mathematical modelling, is made to drive the steady-

state equations of the drive. 

The effect of harmonics is neglected. Thus only funda-

mental component of a.c. is considered (i.e. gdsa 0 and 

ggse =1 in equations (2.24) and (2.25)). 

Under steady-state conditions the machine variables 

in qe - de reference frame and d.c. link variables are cons-
tants. Hence, in this case substituting differential terms 
as zero and also substituting gd se s~ 0 and gq se - 1 equation 
(2.21) to (2.28) can be expressed in the following fo xm - 

V RO = VIa + (RF + xco) 1R0 	 ... (3.1) 

V10 = Vq 5e 	 ... (3.2) 
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1'q so 	RO 	 ... (3.3) 

id~e =0.0 	 . . . (3.4) 

soe Ys 	we vq s 

vdso 	= weXs 	Ys 

0 0 	w s fXm 

0 0 [Wsfx 

.- w X em 

Yr 

-(.d ,Xr 

e W e X 	iq so 

C 0. 	id so 

WsfXr 	iqro e 

e 
Yr 	idem 

...(3.5) 

...(3.5) e 	e-1 
Te = r, Iiq~ ,id ro .1 

TL 

we is ratio of the applied electrical frequency to the base 

frequency. It can be interpreted as the per-unit operating 

frequency. 

From equations (3.4) and (3.5) 

vgsoe 	Y-8 igsoe + we X idroe 	 ...(3.7) 

0 	e 	e Yr iq ro + w ss X r id ro  

0 	_wsf Xm igsoe - ws? Xr igroe + yr idroe ...(3.9) 

Frcm equation (3.8) 

iq ro 	Yr 	d ro 

Substituting value of igroe from equation (3.10) in equation 

(3.9) and solving for id roe 

w X r 

	

 
~ m 

	
-   2 iq soe d to (wsf Xr) +{Y=) 
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substitution of the expression for idroe from equation (3.11) in 

equations (3.7), (3.6) and (3.10) respectively, gives the 
following - 

w w s (xm )2 v eLY+ e s 	r3 i e 	...(3.12) q so  

	

S( 
	
Xr) + (Yr) 	q so 

Ts W-n 2 Y 
w-_...-.-. r 	2 (iq~e)2 	 ...(3.13) 

C ser) C Yr) 

2 
i e =_ Cws.) r m X 	i © 	 .(3.14) qro 	(w 

sf 
X
r

)2+(.r
r 

)2 qso 

Rewriting equation for vd soe from equation (3.5) 

v soe = We Xs iq soe we Xm iq roe 

substitution of the expression for igroe from equation (3.14) in 

equation (3.15) results in 
2 	2 c~ (w ) X 

vd e Lwe S + --e 	_ 
)

Jgge 	...(3.16) 
Cwrr)+(rr 

With reference to Fig. 2.3, since the qe axis, is assumed to 

coincide with as phase axis at t = 0. 

Hwnce, 	{fie = we t 

as  igse cos 9e 

Vas = Vgse cos 8e + Vdse sin Qe 

V cos (9e + y~e ) 

v as = (°gsoe)2 + (vdso
e)2. ...(3.17) 
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e 
Power factor (lag) = cos [tan 1 (-- - 	- )_ 	...(3.18) 

vq so 
Rewriting equation (3.1) 

V RO = V I0 +F + XCO) 1R0 	 ...(3.19) 

substitution of the expressions for V10 and IRO fram equations 

( 3.2) and (3.3) in equation (3.19) yields 

V RQ = vq so e + (RF + XCo) iq soe 	 ...(3.2o) 

Copper Losses of the Drive 

e  Copper losses in induction motor stator = Vs(iq5 )2  ..0(3.21 ) 

Copper losses in Induction motor rotor  
r dro qro 

...(3.22) 

substituting expression for igroe from equation (3.14) and 
expression' for idroe frcm (3.11) in equation (3.22) 

Copper losses in rotor = 

 

T. 
	+ 	`)2 	...(3.23i ( wsf Xr~ ( rr) 2 q so 

Losses in d.c. link = RF IRO2 

Substituting the expression of IR frrxn equation (3.3) in above 
equation gives 

Losses in d.c.link = RF(igsoe)2 	 ...(3.24) 

Ignoring the iron friction and windage losses total losses are 
determined as follows 
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'Ibtal losses in Drive = losses in induction motor stator + 
losses in induction motor Yvtor + 
losses in filter 
w 2 2 

= LYS + RF + 7r s---~--~' G ~ (i e) 2 	...(3.25)     
( Ws( Xr) + (Yr) 	4 

T 
Efficiency of the drive _ 	------ `- ---- r 

Te wr+ lbtal losses in drive 

_ T e 	- wsp 
Te(we wsf )+ total losses in drive 

....(3.26) 
Power Output 	 = T wr 

= Te (we - wsf ) 	...(3.27) 

5.2  REST LT AND DISCUSSION 

In this section theoretical results concerning the 

steady-state performance of induction motor drive are discuss-

ed. The computer programme is given in Appendix - II. 

For determining the drive performance the values of induc-

tion motor stator voltages, power factor, torque, power output 

and efficiency can be calculated for different p.u. operating 

frequency and slip at any particular fixed value of the d.c. 

link (stator) current. 

All the performance characteristics are plotted with 

respect to torque i.e. stator voltage vs torque, power output 

vs torque, efficiency vs torque, power factor vs torque, 

total losses vs torque, and slip vs torque. 



3.2.1 Induction-Motor stator Voltage vs Torque 
~e characteristic curves are plotted in Fig.3.2• Corres-

ponding to each value of torque there are two values of stator 
voltage one in positive .- slope (unstable) region and another 

in negative - slope (stable) region of torque - slip characteris-
tic. In the stable zone of torque slip characteristic of 
induction motor, the range of operating slip is very shall but 

the stator voltages are very high. Thus machine operation in 
stable zone is not permissible due to high saturation. Stator 

voltages in unstable zone of tozque slip characteristic of 
induction motor are not high. However, open-loop operation in 
unstable zone is not possible. with the help of feed back, 
operation in unstable zone is possible. 

As p.u• operating frequency is decreased stator voltages 

in both zones decrease. In the graph stator voltage-torque 

curves are plotted for four different p.u. operating frequencies. 

As p.u. operating frequency decreases the difference in voltages 

in both zones also decreases. Thus the machine is highly satu-

rated in stable zone under high p.u. frequency of operation. 

3.2.2 Power output vs Torque 

The power output vs torque characteristic of the drive 

for different p.u. frequency of operation, are shown in Fig.3.l. 

As expected, the power output is more for a given electrical 

torque at higher p.u. frequency of operation. For any p.u. 

frequency of operation, however, the output power is less for 

operation in unstable zone in ccmparison to operation in stable 
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zone of torque-slip characteristic due to increased rotor 

losses (core losses are ignored). 

3.2.3 Drive Efficiency vs 7b rque 

The relevant curves are plotted in Fig. 3.3, For each 

value of torque there are two corresponding efficiencies one 

for operation in stable zone of torque slip characteristic and 

another for operation in unstable zone of torque slip character-

istic, In stable zone efficiency is high while in unstable 

zone efficiency is comparatively low. In stable zone 

machine operates under highly saturated condition which will 

lead to high iron losses. The iron losses, however, have been 

ignored in the calculation. Thus Fig. 3.3 shows higher effi-
ciencies under stable zone compared to reality. 

As p.u. operating frequency decreases the efficiencies 

in both zones decreases and the difference between efficien-

cies in the two zone starts increasing at a given p.u. freque-

ncy of operation. 

3.2.4 power Factor vs 7.brque 

The relationship between power factor vs torque is 

shown in Fig. 3.4. Just as in the preceeding case for each 

value of torque there are two values of power factor, one 

for operation in stable zone of torque-slip characteristic 

and another for operation in unstable zone of torque slip 

characteristic. Power factor is poorer in stable zone and 

good in unstable zone. For any p.u. operational frequency 
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(we ) trend of curve is similar to induction motor, at a cer-

tain critical slip power-factor is highest and on either side 

of this slip power-factor reduces. 

As p.u. operating frequency decreases power factor 

improves in both zones. For a particular value of slip an 
increase in operational frequency means higher stator and 

rotor reactances, thereby poorer power factor. 

3.2.5 Total losses In Drive vs Torque 

Fig. 3.5 illustrates the relationships between total 

losses and torque. For one value of torque there are two 

valuesof total losses, one corresponding to stable zone of 

torque-slip characteristic another to unstable zone of torque-

slip characteristic. Losses in unstable zone are more com-

pared to in stable zone. This is because in analysis iron 

losses are neglected. In stable zone, due to saturation, 

there are more iron losses while in unstable zone due to 

higher slip of operation, there are more rotor copper losses. 

It is observed that on varying p.u. operating frequency 

there is no variation in total losses i.e. total copper losses 

do not depend upon p.u. operating frequency. 

3.2.6. slip vs Torque 
 

The characteristic curves are plotted in Fig.3.6.. For 

each value of torque there are two values of slip, one in 

stable (negative-sloped) region and another in unstable 
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(positive sloped) region of operation. In unstable zone of 

operation -slip is large whereas in stable zone of operation 

slip is small when p.u. operating frequency decreases the 

slip increases. The magnitude of pull out torque remains 

constant but corresponding slip increases as p.u. operating 

frequency decreases. 

3.3 CALCULATION OF KSQ 

Stator voltage-slip curves for different d.c. link 

current under rated speed setting (w = 1 p.u.) have been 

determined and plotted in Fig. 3.7• For each current sett-

ing, the slip for rated stator voltage has been identified. 

The dotted line in Fig. 3.8 shows the exact variation of 

d.c.  link current as function of slip speed in order to 

maintain rated stator voltage under rated speed setting 

(i.e. for maintaining rated flux in the indication motor 

at every p.u. operating frequency). 

It is noted that, except for beginning part, IR  vs 

wsz curve is very nearly linear, though not passing through 

the origin. Initial non-linearity is due to higher percen-

tage of magnetising current. The exact relationship between 

IR  vs ws , is replaced by an approximate relationship as 

indicated by the straight line passing through the origin 

and its slop 	(wss/IR) is defined as Ks  f• Such an approxi- 

mate representation is necessary to develop a lineared 

mathematical model for stability and harmonic performance 
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study. The gain Ksf determined here, is a characteristic 

constant of the induction motor. This value of Ksf decide 

the gain setting of the slip regulator to maintain rated 

flux in the air-gap of the induction motor. 

3.4 CONcLU SIGN 

An analytical method for determining the steady-state 

performance of the drive with the induction motor supplied 

from current-source inverter has been set forth in this 

chapter. 

The torque-slip characteristic indicates two regions 

of operation, one with a positive slope and the other with a 

nagative-slope. The positive-sloped portions of the torque-

slip characteristics are well known to be inherently unstable, 

so open-loop operation of drive is not possible in this zone. 

With the help of feed back the drive can operate in this 

zone. The negative-sloped region of the torque-slip 

characteristic is inherently stable and drive can operate 

in this region without any feedbacks. Since the breakdown 

torque occurs at the very small slip, the negative-sloped 

region of the torque-slip characteristic is shall. 

The voltage-torque characteristic shows that in the 

stable zone of the torque-slip characteristic the induction 

motor stator voltages are •very high. So drive operation is 

practically not possible due to excessive saturation iron 

losses and magnetising current. 
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In the unstable zone of the torque slip characteristics 

stator voltages are small and induction motor power factor 

is good in comparison to that in stable zone of the torque 

slip characteristic. Drive efficiency is good in stable 

zone in comparison to unstable zone because in the an aly si s 

iron losses have been neglected. Drive will operate at 

higher slip in unstable zone in comparison to stable zone 

and the power output is more in stable zone in canparison to 

unstable zone. . 'Intal copper losses in the drive are more in 

unstable zone in comparison to stable zone. 

A p.u. operating frequency is decreased induction motor 

stator voltages reduces, power factor improves, drive effi-

ciency and power output reduces, the total copper losses in 

the drive remains same. 

Since it is advisable to work under rated flux condi-

tions closed loop drive is proposed to equipped with a slip 

regulator which will vary the slip speed proportion to d.c. 

link current for all p.u. frequencies of operation. The 

proportionality factor (Ksf) is an absolute constant and 

depends purely on the machine parameters. It's value has 

been calculated for subsequent use in the close loop opera-

tion of the drive. 



020 

0.20 	0.40 	060 	0.80 	1 00 	120 

TORQUE IN p u - --P 

0.00 
0.00 

g.3.1 VARIATION OF POWER 'lUTPUT WITH LOAD TORQUE AT DIFFERENT 
OPERATIONAL FREQUENE S 

We - 10 
We 80 
We = 50 -- — _ 

320 	 We - -2 0 — -- - 

a 
Z 

 

240 

-
000 	0.20. 	040 	060 	080 	100 	120 

TORQUE IN p u 	b- 

y 32 VARIATION OF I M STATOR VOLTAGE W TH LOAD TORQUE AT DIFFERENT 
OPERATIONAL FREQUENCIES 



787 r- 
 

0 60 - 	, 

u 
L 	 r 
W 	 ~ 

0 40 - 	r  
/ 

II 	

Wo 	1.0 w 	► / 
~ Wa = 80 — - - 

 

  r 
Wa - 50  

0 20  	

/ 	

We 20 - -  

l 
0.07 La, 	L _ 	I 	- 	r 	 — 	- 

P-00 	020 	0.40 	0.60 	080 	1 00 
	1 20 

TORQUE IN p u --+- 

Fig.3-3 VARIATION OF EFFICIENCY WITH LOAD TORQUE AT DIFFERENT 

OPERATIONAL FREQUENCIES 

3 881- 

072 ij 

6 

►- 7 50 

I/i 
' 

	

° 743 r~/ 	 ,' a   

/~ ' 	We _ 20 l 	 we ~o -  -  = 
~ 	 Wog 80 

'• 24 f 	 . 	 We _ 10 .— — . _ 
 

8I 	 i 	 1 
09 	020 	040 	0 60 	0 80 	1 00 	120 

TORQUE IN p u — 

Fig 3.4 VARIATION OF I M POWER FACTOR WITH LOAD TORQUE AT 

D'FF ERtNT OPERATIONAL F RE.©UUE NOES 



0.8 2 

4, 0.78 

a 

0.74 
'o 

0 J 
Q 0.70 

0 

0.66 

0.62 

U•7 

0.80 

1' 
0.60 

z 0.40 

020 

•e 
C 

TORQUE IN p.u. -~-- - 

FIG.3.5. VARIATION OF TOTAL LOSS WITH LOAD TORQUE AT 
DIFFERENT OPERATIONAL FREQUENCIES. 

TORQUE IN p u 

FIG.3.6. VARIATION OF I.M. SLIP WITH LOAD TORQUE AT 
DIFFERENT OPERATIONAL FREQUENCIES 



320 

280 

2 40 

2.0 

Cs- 

z 

I20 

0.80 

0.40 

00 	0.16 	0.32 	0.48 	0.64 	0 80 	096 	112 	1.28 

SLIP IN p.0 	~- 

FIG.3.7. VARIATION OF I.M. STATOR VOLTAGE WITH SLIP AT DIFFERENT D.C. 
LINK CURRENTS 



0 
32 	64 	96 	12 	16 	1-9 	2.2 	2.5 	2.8 	31 

2.0 

U a 
0 

4 

2 

SLIP SPEED IN p.u.*10-2  

Fig 38 SLIP REGULATOR CHARACTERISTICS 

p.  



44 

CHAP TER -- 4 

COORDINATION OF DRIVE PARAMETERS FOR SYSTEM 

STABILITY 

In this Chapter a compact expression for the system 

characteristic equation is derived from snail displacement 

theory and then, by applying the D-partitioning technique, the 

stability boundaries are determined in the plane of 	two 

adjustable parameter of the drive. The open-loop system is 

unstable while the closed loop system is stable if system 

parameters ares selected properly. The values of these para-

meters are so chosen that system is not only stable but also 

possesses a certain minimum degree of stability. 

4.1 SY5TE4 EQUATIONSUNDER 4A 1L DISPLACEMENT THEORY 

The small displacement theory was initially employed 

in the analysis of stability of electric machines by Parkc24, 251 

This theory enables one to establish linear relationships 

between the machine variables for small changes about an 

operating point. The small displacement equations are not 

valid for large excurssion of the variables; however these 

relationships offer a means of investigating system stability 

when used in conjunction with the D-partitioning technique 
26,27TJ. 

The following additional assumption, in addition of 

those in the mathematical model is made for applying small 

displacement theory. 
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The effect of harmonics is ignored i.e. the effect of only 
fundamental current of machine is considered and hence 

ggse = 1, 9dsa = 0 Cin equations (2.24) and (2.251.1. 

Using equation (2. ~i) for all perturbation about steady-
state condition 

VR0 —V10+(RF +XCO) IRO 

VRO+   VR = V10+ 6 VI+ (RF+Xta-gyp XFI(TRO+  IRR.. (4.2) 

substracting equation (4.1) from equation (4.2) gives 

UVR = /`V1 + (RF+, t.0+ p XF) U IR 	 ....(A.,3) 

Equations (2.26) are rewritten as 

vgse (Ys+ p^Xs) igse + p m igre + we m idr ...(4.4) 

_ 	 e 
0 -~ p m igse + (Tr+ pXr) qr + ws( X. idr  

0 - -(J$4 m igse- wsf Xr iq r + (rr+ pXr) j r e ,4.6) 

From equation (4.6 ) 

iqr _ w 	G.. wsf Xan igse+ (Tr+ p Xr) idre l ... (4.7) 
sQ r 

Substituting the expression for wsR iq r in equations (4.4) 
and (4.5) from equation (4.7) yield 

X 2 
ws5 vgse = 	E S P(xs. X ) , igse +.. 

r 

wc 	+ p 	1.p2 	) i dr
e 	... (4o8 ) 

4 xtn   
r 
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2 

0 - W :-e+ Yr~ m ~~'gs 	Ws 2 	~ X 	+ r+ 	p( 2 Yr) sQ Xr 	Xr 

	

+p2 X idre 	 ... (4.9) 

substituting ggse 1 and gdse = 0 in equations( 2.23) t'o (2.25) 

as the effect of hamonics in machine variables have been 

neglected. 

VI = vqs 	 ••.(4.1Q) 

igse 	IR 	 ...( 4.11) 

i e = 0 	 •••(4.12) ds 

From equations (2.21) , (4.10) and (4.11) 

V R = vq s + (RF+ XCo+ p XF ) igse 	 ...( 4.13) 

From equation (4.13) 

vgse -- VR -(RF+ XCO+ p XF ) igse 

Substituting the expression for vgse from equation (4.14) in 

equation (4.8) results in the following equation and rewriting 

equation (4.9) 

wsu VR = W4,Lrs+ RF+ X 	+ p(XF+ X 
Co 

2 
X ) [igse + 
r 

` s 	We m+ p 	 x7 	+ p2 Xin) idre ...( 4.15) 

0 	- - rr 	m 2 ... 	iq 	~WSf 	Xr+ se+ 
2 

+ p(2 rr) + Xr--. 
Xr 

p2 Xr] 1dre ...(4.16) 
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Certain terms involving fixed value of machine variables have 

been renamed as follows - 

X Y 	Y 2 
YS+ RF+ XC0 = R, mX r = RA, 	2 Tr' Rc, 

x  2 
x 

xF +xs - X 	=x 	...(4.17) 
r 

substituting for various expressions as defined in equations 

(4.17) in equations (4.15) and (4.16) results in 

ws~ VR = ws~( R+ pX) igse+ (wsf we m+ p RA+ p2 	Xm ) id r ...( 4.18) 

0 	= - Ai R iq se + (ws~2 xr+ Rs + p R + p r) id r ...(4.19) 

Stnall-perturbation equations about steady-state operat-
ing point and the steady-state equations as defined from 
equations (4.18) and (4.19) are given below - 

(wSfo+ iSf)(V.RU+ VR) = (ws~o+ s-u )(R+ pX)(igsoe+ igse) 

+ U w s 'o + 'Aw s( ) ( weo + 'Nwe) X,n + 

p Rye+ p2 m3 1- idroe+ U idr j ...(4.20) 

w 	v = w 

 

RI 	e+ w 	( 	e 	 ...(4.21) sfo RU W. 	q so 	so •o in d ro 

0 - -(wsfo + eAwsk) R~.(igsoe+ Aigse )+ 	sfo+ 4wsn)2 Xr+ 

Rg + P R,c' + p 2x : o-d roe + Aid =e: 	 ...(4.22) 

U- - wspo RA iq soe + (w s 	2 Xr+ RB) id roe ,,.(4.23) 

Subtracting equation (4.21) from equation (4.20) and ignoring 

second order quantities 



w 	 ,V = w (R+ pX) ni e + (w 	W X + p R + p 2X )moi e s(o R 	sf o 	q s 	so eo m 	A 	~n d r 

+ws fo id roe ) ~n Awe + (R iq soe + w id roe )ç1 -  
ev 

	

VRO ) Aw
sx 	 ..• (4.24) 

subtracting equation (4.23) from equation (4.22) and ignoring 
second-order quantities 

~ -w=~o RA Al gse+ (ws ?o Xr+ RB + p R+ p2Xr) A idre 

(2 w s,o idroe Xr RA igsoe) aw6f 	 ...(4.25) 

Rewriting equations (3.6) and (2.32) 

e e 
Te = 	lqs idr 

...(4.25) 
=TL +4,n f b Hpwr 

Above equations for small perturbations about steady-

state operating point and steady-state conditions result in 

T eo + A T _ ~,,(igsoe+ oigse)(idroe+ caidr 
...{4.26) 

= TLO+ ATL + 4n fb H p (wro+ Uwr) 

	

e 	e T = X~ 1q so id ro 

= TLO  

Substracting equations (4.27) from equations (4.26) 

e AT = 	(igso. a idr + as igse idroe) 
...(4.28) 

=A TL + 4it fb H p wr 
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substituting the expression for a wr as 

nwr=4cue.. ows~ 

in equation (4.28) gives 

ATe Xn • (iq soe A id re + A iq se 1d roe 

aTL+4n fb Hp(awe 4ws4) 
...(4.29) 

Rewriting equations (4.24), 	(2.25) and (4.29) in matrix forth 

Wsf O(R+ pX) wsfjo eo m+ 
	wsfo id ro e Xm ajgse wsfo . 

pRA+ p2 XM 

..ws~o RA 2 	 ' wsfo 	Xr+ %+.  e  0 AVR 

pRc* P Xr 

Lm 
id roe igsae 	-4n f bH P d we 0 

0 R igsoe+ weU idroe Xm - V RO 
0 ATL- 2 ws fo id ~e Xr RA iq soe  

1 4n f b H p 

Further rewriting equations (2.35) to (2.36) 
z R 	= w sp (wr 	.- 	r) 

VR 	= K —c(1+ T 
	p) (zR - 'R) ...(4.32 )  

wb P 

r ws9 Ksf IR 	 ..(4.33 
 

w0 = wr ± ws, 	 ...(4.34) 
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From equations (4.31) to (4.34) for snail perturbations about 
steady.-state operating point 

L I = K (o wr - a wr) 

AVR ` Kc ( 	T wb 
p) ( a:[ - y IR ) 	 ...(4.36) 

wb 

AJ = 4 w + A w 	 ...(437) 
e  r  s~ 

v ws( Ksf iA IR 	 ...(4.38) 

Substituting expression for U IR from equation (4.35) and 
for AIR from equation (4.11) in equation (4.36) 

K.(1 +Twb p) 
ce V R = _ 	 (Ksp 4j -Kap AJ r giq$e)...(4.39) 

wb p 

Substituting expression for A wr from equation (4.37) in 
equation (4.39) 

K (1+Twp) 	x 
OVR 	 £Ksp Aw X -Ksp(Awe-Awsf)-Aigse] ...(4.40) 

wb P 

Substituting expression for A VR for equation (4.4U) in 

equations (4.30) and rearranging the temps 

wsnoCR+p X+ 

KC(1+ T wbp)~ 

wb P 

w s fo w i Xm + 

p RA + p 2X1. 
wsQoLid ro 	+ 
K 	Kc (1 +I' wbp )', 

wbp 

e 
Uiq s 

-jsso RA wsfo2Xr+ RB + 

p Rc+ P2 Xr 
U e 

dr 

Xm idro 	 m lgsoe 	- 	b H p 

1'7766 
'ISL LILURV 1IIVE2SIYY EF 4CORiTj 

w 
e 



51 

w rw KcK (1 +Twbp ) 
sQo ____ 

wb P 

e 
• R iq

e 
so Fw e'baid rO x.n 

!V Ru wso c KSP 
(1+Twb p) 

0 ITL + 	0 

1 	 0 

A r 
e 2ws fo id'o Xr 

RA iq so e 

47t f b H p 

i &A SK 

:(4 •. 	.41) 

Substituting the expression for AIR as a igse from equation (4.11), 

the equation (4.38) yields 

LA ws f = K SQ LA igse 

Substituting the expression for Lewsf from equation (4.42) in 

equations (4.41) and rearranging the terms 
1 	r 

ws~o(R+ pX)+Ksf (R igwe+ ten (isf m+ wssoCidroe + 

id roe n- V RO) + 	p RA + p2 Yjrt K Kc (1 p p) 
ws~ KC(i+ Twbp)(1-K5~Kso ) 	 wb p 

a_ 
wb p 

wsfo(-RA+ 2K5 idm "r)"ws fo2 Xr+ RB + 
0 

K sr RA ici so e 	R0+ P2 Xr 

e 
iq s 

e 
dr 

ICA w e r i'dme+KQ 4"fb Hp 

0 

0 	ATL + 

1  

m igso 	4 fb H P 

ws~o Kc K,(1+ T wbp)

1 	 -, 

wb P 
it 0 	A wr 	...(4.44) 

0 
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Defining 

-RA wsfo+ 2 wsfo Ks4 id roe Xr -Kr RA igroe = A ... 	(4.45) 

w sQo R +K f~ Ri 	e+K 	w 	i 	e X-K V 	=H s 	q so 	~ s 	eo 	d ro 	m 	sQ RU ... 	(4.46) 

w
53(0 (1 -~ Ksp KSQ) 	- 	D ... 	(4q47) 

4n fb H p 	- z1(p) 	 ... (4,48) 

wsfo weo XM +P RA +p2 X = 22 (P) 	 ... (449) 
Q 2 	2 

ws a Xr+ # p Rte+ p2 	= 23 (P) 	 ... (4p50) 

U 1 p X +B 	 = Z4 (P) 	 ... (4.51) 

_m id roe +1( 	Z.(P) 	_ z j (P) 	 ... (4q52) 

Substituting for various expressions as defined in equations 

(4.45) to (4.52) in equations(4.44) gives 

Ko(1+T wbp) D (p) 	Z2(p ) 	ws o Kat (1+TwbP) + 	igse 7~ 
p wb 	4 	 wb P 

e 
U sQo id ro 

A 	Z3(p) 	0 	a id r 

Z5(P) 	 Xm ig soe 	- 21(p) 
	

cw we 

ta►s fo 

	

 
0 	

Kc KSP(I + T wbp) 
wb .P 

	

- 0 	a TL + 	0 

	

1 	 0 

• ., .(4-053) 
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system characteristic equation is as follows 

K (1+T CS c 	bp) G"D Z1(p) Z3(p)+ ws o K tA Xn i49 e -Z55(P) Z3(p) J P 	 sP 

+ wsKo id roe X~ A Xn.~ iq ~e 23(p) Z5(p) 

z1(P) Z3(P) Z4(p)+ Z2(p) S1(P) A = 0 

Defining 

A m igsoe - Z5(p) Z3(P) = Z6(p) 

..• (4p54) 

D Zl(p) Z3(p) + Ksp wsko ~ A }n ig,e - Z5(P)Z3(P) --f 2(P) 
.,. (456) 

f=) = fl(P) 	 ... (4057) 
w'bp 

Z1(p) f Z2(P) .A-Z3(P) z4()3 + Wsfo i'dro' X. Z6(P) = f3(P) 

..• (4.58) 

Substituting for various expression as defined in equations(4t55) 
to (4.58) in equation (4.54) results in the following systc-~n 

characteristic equation 

Kc fl(p) + KT f2(P) + f3(P) = 0 	 ...(4.59) 

or D (p) 	= 0 	 ... (4.60) 

Above equation is giitable for stability analysis by the 

D-partitioning technique. This technique is more than 100 times 
faster than the roct locus method or R.H. criterion. The results 
are expressed in parameter plane, the convenient coordinate axes 

being K,c, KT which appear linearly in the system characteristic 

equation. Unlike earlier efforts using this technique by 
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Lawrensan [28 ] it may be noted here that it is not necessary 

to obtain expression for the characteristic equation in a poly-

nomial form. This saves a lot of manual labour and there are 

less chances of error. 

Substituting p = - (5 + j w the characteristic equation 

can be split into two real equations 

Kc  f1R  + KcT f2 R  f 3a 	= 0 	 ...(4.61) 

Kc FII  + Kc  T f_. 21  + f 31 	= 0 	 ...(4.62) 

These equations can be solved for Kc  and KT parameters for any 

fixed value of 6 as the value of w is varied from 0 to a 

Apart from the above two adjustable drive parameters, one 

more adjustable parameter is the proportionality gain constant 

of the speed regulator (i.e. .csp  ) which unfortunately appears 

in a product form with the other two adjustable parameters in 

the system characteristic equation. As such, this parameter 

can not be chosen as a coordinate axis while plotting the 

stability regions. The stability region are accordingly deter-

mined in the plane of Kc-KcT for a certain fixed value of K5 . 

Three values of K, namely 10, 20 and 50 have been selected in 

this study. 

Since the drive under study is a variable speed drive, four 

widely varying p.u. operating frequencies have been selected to 

fix the steady-state operating conditions, these p.u. frequen-

Gies being .2, .5, .8 and 1. 
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4.3 COMPUTER RESULTS AND DISCUSSION 

in this section theoretical results of stability 

analysis obtained using D-partitioning technique are presented. 

The objective is to select sets of controller parameters for 

which the system is not only stable over a widely varying 

range of operating speeds but possesses a certain minimum 

degree of stability as well. 

Results have been computed here for rated torque condi-

tions for three different values of KSP and four different 

operational frequencies for each value of Ksp. The D-partition-  
ing curves are plotted in plane of (K - KT) each time. For 

convenience of plotting the unit of time in all D-partition-

ing curves is in second unit. 

Fig. 4.2 shows the manner of carrying out D-partition-

ing in plane of Kc - KT. Also, the probable stable zone for 

one particular value of operational frequency and KSp is shown. 

To confirm this region to be really a stable region 

point checks have been made by the Frequency Scanning Technique 

[-26, ~7i Point 'A' from Fig. (4.1) have been selected and 

corresponding characteristic vector D(jw) for variation in w 

from - eo to co results in frequency scanning trajectories 

as plotted in Fig. 4.2. For this point origin of D(jw) - 

plane lies in the inner most region in the sense of shading 

of the frequency scanning trajectory. Hence the D-partition-

ing region containing the point 'A' i s. the stable area. 

For relative stability studies p is substituted as 
-6 + jw in the characteristic equation and then for different 
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values of 6, D-partitioning is carried out in plane Kc-Kc  T. 

Fig. 4.3 shows stable area for one particular operation-

al frequency (we  = 1.0) with the value of Ksp  equal to 20. is 

seen in this figure, as 6 is increased the relatively more 

stable region decreases. A stable area corresponding to 

larger value of 6 is contained in areas corresponding to 

smaller values of 6. Beyond a certain upper limit of -0 no 

area is obtained, thus indicating the largest attainable value 

of 6 (degree of stability) and the corresponding set of adjus-

table parameters for the chosen structure of the drive under 

study. 

Figs. 4.3, 4.4, 4.5 and 4.6 show relative stability 

areas for Ksp  equal to 20 and operational frequencies 1.0, .8, 
.5 and .2 p.u. with variation in 6. As operational frequency 

is decreased stable area decreases. The maximum actii.evable 6 

for we  = .2 is less than the maximum 6 obtained for we  = 1.0. 

Further, the stable area for we  = .2 shifts down towards fourth 
quadrant of the Kc  -- KcT plane. 

Figs. 4.7, 4.8, 4.9 and 4.10 show stable areas for K sp 

equal to 10, and for operational frequencies 1.0, .8, .5 and 

.2 p.u. respectively with varying values of (S. The change of 

operational frequencies causes similar results as obtained for 
Ksp  equal to 20. However, the stable area is less for the 
case of Ksp  equal to 20 in comparison to the case of Ksp  equal 

to 10 for same degree of stability (s). 
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Figs. 4.11, 4.12, 4.13 and 4.14 show the stable areas 

for Ksp  equal to 50 and operational frequencies 1.0, .8, .5 
and .2 p.u. respectively with varying value of d. The nature 

of results obtained are as before. However, the stable area 

is analler than for the cases with Ksp  equal to 10 and 20 for 

sane degree of stability (s). 

Accordingly it can be concluded that as Ksp  is increased 

stable area decreases for same degree of stability (d) and as 

operational frequency is varied from 1.8 p.u. to .2 p.u. the 

stable area again decreases for all values of Ksp  under taken 

here for same degree of stability (6). Further, the maximum 

attainable 6` is large for high speed case in comparison to that 

for low speed case at all values of Ksp• 

A variable speed drive- should give very nearly similar 

performance for all speeds. Hence, a common set of parameters 

(Kc, KT)  must be determined by sacrificing maximum d slightly 

at large operational frequencies for all values of the gain Ksp. 

Figs. 4.15, 4.16 and 4.17 show a common area in between 

two extreme operational frequencies i.e• 1.0 and .2 p.u. with 
values of Ksp  20, 10 and 50 respectively. 

Table below shows selected values of Kc  - KT  for 

different values of Ksp. These values of controller parameters 

will be used in following chapters i.e.  for sixth harmonic 

analysis and transient response. 



Ksp 	Kc 	cT 	T( sec .) 	Minimum i en su red 
( secs  ) 

10 	.3 	.015 	.05 	2.7 
20 	.2 	.01 	.05 	2.7 

50 	.1 	.01 	.1 	2.7 

4.3 CONCLUSION 

In this chapter stability aspects of the rectifier 

controlled current inverter fed induction motor drive have 

been discussed. It has been shown earlier in third chapter 

that the induction motor gets highly saturated in the stable 

zone of the motor torque- slip characteristic under open-loop 

conditions. To overccxme this the drive is operated in an 

otherwise unstable zone of the motor torque-slip characteris-

tic employing regulators, namely a proportional speed regulator, 

a p-i current regulator and a slip regulator. The proportional 

speed regulator works on speed error and sets the reference 

d.c. link current. The p-i regulator works on d.c. link 

current error and controls the d.c. link current by suitably 

adjusting the voltage of the rectifier. The slip regulator 

maintains constant air-gap flux in the induction motor by 

setting slip speed proportional to d.c. link current. 

The characteristic equation which describe the behaviour 

of the drive has been established using the theory of small 
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displacements to linearize the various nonlinear equations of 

the drive. The analysis ignores harmonic effect of applied 

stator current and also ignores inverter commutation period. 

By applying D-partitioning technique to the characteristic 

equation the relative stability boundaries have been found out 

in the plane of Kc  - KT gains of the p.-i controller with 

varying values of the proportional gain constant of the 

speed regulator, Ksp. 

The study shows that as Ksp  is increased stability 

boundaries decrease for any operational frequency. Further, 

as operational frequencies are decreased the Stability boun-

daries again decrease for all values of Ksp. 

A stable area corresponding to larger value of 6 

(degree of stability) is contained in areas corresponding to 

smaller value of 6. Beyond a certain upper limit of 6 no area 

is obtained, thus indicating the largest attainable value of ci 

and the corresponding set of adjustable parameters for the 

chosen structure of the drive understudy. 

As operational frequency is decreased, maximum 

attainable 6, for which system is relatively stable, also 

decreases. 

A variable speed drive should give very nearly similar 

performance for all speeds. Hence, for each of the three 

different values of the speed regulator gain (Ksp) a set of 



parameters (K0, KT)  has been determined, for which system 

ensures a degree of stability (6) 2.7 sec l  or better for 

all operational frequencies. 'Further comparisons between 

these 3 sets of controller parameters will be carried out in 

the subsequent chapters with a view for final selection of 

the parameters. 
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CHAPTER - 5 

THE SIXTH HARMONIC A1NALYSI S OF THE DRIVE 

Due to the harmonics present in the inverter current, 

harmonic torques are produced which cause pulsation in the 

rotor speed. . In applications where uniform speed of rota-

tion is mandatory such as machine tool, antenna positioning 

end other applications it is important to ensu re magnitude 

of these speed oscillations within limits. 

An analytical method for calculating the 6th harmonic 

torques arising from a rectifier controlled-current inverter 

power source is given. This analysis is general in that it 

includes effect of steady-state speed variation, voltage 

fluctuation and current variation. The sixth harmonic pulsa-

tions in torque, rotor speed and stator voltage of induction 

motor have been calculated for three sets of controller para-

meters and four different p.u. operating frequencies. 

6.1 MATHEMATICAL EQUATIONS FOR ZHE SIXTH HAR4ONIC EFFECTS 

First a general set of equations is derived for the 

drive system to study the 6th harmonic phenomena. Equations 

(2.3), (2.4), (2.5), (2.7), (2.11), (2.12)and (2.14) comprise 

a set which completely describes the behaviour of rectifier-

inverter induction motor drive. However, due to the infinite 

series of time varying coefficients in equation (2.3), (2.5) 

and (2.7) it is desirable to simplify these equations to a set 

which closely approximates to the actual system respon se. 
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At higher inverter frequencies the harmonic content of 

the applied stator currents and the resulting harmonic voltage 

have negligible effect on the system performaneeLl2I. A►t 

sufficiently low frequencies the harmonic contents begin to 

influence the system response and can not neglected. However, 

unless the inverter frequency is nearly zero, the 5th and 7th 

harmonics predominate and the effect of the 11th, 13th and 

higher stator current and voltage harmonics may be neglected 
L12]. 

In the synchronously rotating reference frame the 5th 

and 7th harmonics appear as 6th harmonic quantities. If the 

static drive system is stable, the fundamental frequency 

voltage and current consist of a constant ccxnponent along 

with 6th, 12th and higher multiples of 6th harmonic. Since 

12th and higher harmonics are neglected all variables may be 

written as the sum of a constant plus a 6th-harmonic component. 

For example 

VI = VIO + V16 

=V I0+ V Ia  Cos 6 wet-  + V IP  sin 6 wet 

I I = 1I0 + I16 

-- 110+ 11a cos 6 wet+ lip  sin 6 wet 	... (5.1) 

T r  + e co e6 

T0+ ea cos 6 wet + T sin 6 wet 

LJ r  = wro+ w 

= wro  + wracos 6 wet + wr  sin 6 wet 
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and so forth for vgse' vdae' iq$ 1d se' 	 gre' idr ' 'R' 	wsf 
and we. Rewriting equation (2.26) 

vgse i rs-xs 	we Xs p Xm we Xm lgse 
Vdse -we Xs 	~s+ pXs -~'e m p Xn id se 

0 p m 	wsf Xm Yr+ PXr u 	Xr 
e 

qr 	I ..(5.2) 
0 

L 
-wsfXM 	pX -wsjXr r+pXr idre 

substituting various expression from equations (5.1) in 

equations (5.2) yields a set of equations containing only d.c., 

6th and 12th harmonic terms. Equating terms of the same 

frequency yields three sets of equations. one set containing 

d.c. terms only, a second set containing 6th harmonic terns, 

and the third set involving only 12th harmonic quantities. 

Since only the 6th harmonic torque is of inter:-st in this 

development, the set of equations containing the 12th terms 

will not be considered. 

From equations (5.2) and equations (5.1) the set of 

relations involving the d.c. terms are as follows - 

0ee 
vq so 	Ts 	weo Xs 	wao m 	iq so 

e _ 
- 	

e 
vdso 	weo Xs 	s 	-weo m 	0 	idso 	+ 

e 0 	0ws~(o 	r 	wsso Xr 	igro 
1 
	
e 

0 	 so Xr 	r J L1d ro 
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0 	0 X 
S 

X 
s 0 0 w 

ea 
w 
e~ wea wep m in 

,. - s 	wed _ _) 
wea 	Xs 

0 0 
wea "e 

0 0 

wsa w sf3 W3~a wsf3 0 	0 0 0 

in m Xr Xr 
wsfa —wsfR sfa —(Assp 

xm 0 0 Xr Xr 0 0 
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igsa e 

i e qs~ 

i e 
ds 

i e ds~ 

e 
igra 

i e qrp 
e 

idra 
e 

dr 

•..(5.3) 

w sfo _ w 	-w eo 	ro ...(5.4) 

eo Xm [igsx~e id to 	idsoe igroe+ 1 (i 	e i 
	e

+ d ra 2 	q soc 

i 	e i 	e- i 	e 
q 	d 	d 

i 	e - i 	e 	e)I' q 	d 	q 
...(5.5) 

T~ -TLO -- 0  

Rewriting equations (2.3), 	(2.7) and (2.11) in p.u. 

3 5 cos 6 wet - 143 cos 12 wet ...  

id se = IRC 3 5 sin 6wet- 143 sin 12wet ...:i 

V1 	= vq seEl_ 3 	cos 6wet- 143 cos 12wet ...Ti 

+ vd se 	sin 6wet ~► i24 sin 12 wet ...  ] ... (5.9 ) 
V R = VI + (R~,+ XCp+ p CF) IR - 
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Hence, 

iq_e zRO _ 3- z 	 ...( 5.11) 

a  6  l ids ~-35 ~ 

VRO =VI0t(RFtXCO) 1RO 	 ...(5.13) 

e 	2 	e u10 = vgso - 35 vgsa 	35 vd 	 ...(5.14) 

The zero-suffix quantities and the magnitude of the 6th har-

monic quantities -together make up the steady-state operating 

point. However for normal operation the magnitude of quantities 

(steady-state) is much larger than the magnitude of the 6th harmo- 

nic quantities which do not contribute appreciably to the average 

values of the system variables. This fact has been noted by other 

investigators rig] . Hence, equations(5.3), (5.11) to (5.14) 

may be expressed approximately as - 

iv q soe s 	Weo X 6 0 	weon r iq soe 

1d so vd so ..weoXs 	Ts weo "fin 	0 
Ii 

..(5.15) 

1=1 0 0 	wsfoXm ~'r 	Ws~ Xr 
e 

igro 

0 	. go m 	0 ~~ssoxr 	Yr Lia i 
 

eo =) 	C igso
a1 

dro
a 
   idsoe ignoe]. 

iq e _ 	 RO ...(5.i7) 

1e 
dso =o ...(5.18) 

e V10 = vgso S 

VRO =vz0+ (RF +XCO) IRO ...(5.20) 



e iu e 
wsft xr 	0 	x i } id 6 

0 	ws'o 	p 	- ws~ qtr, Yr+p Xr 0 

wsy Xn r~~p Xr m dso 	r 
e 

Xridro we6'. 

-(X niq Seo+ wsf6 . 

xs groe 

••.(5.23) 

Upon sim pli fi c tL=. t the 	state Cur stant quantities (d • c • 
term) can be expressed as - 

x 	e V RO 	s +RF +XCO weoX s 	0 	so - m 	iq so 

vd so _ -weo xs 	s 	- weo m 	0 	01 
...(5021) 

e 0 	0 	w so rn 	r 	w so xr 	iq ro 
0e s~o m 	0 	-W 	 '1o xr 	Yr iL 1d jm 

e 	e 	 ,..(5.22) TeO fi iq so id ro  

It is clear that equation s(5.21) and equation (5.22) formu-
late an algebraic set of equations which establishes the average 
value of all variables. Although these equations are approximate, 
they are, sufficiently accurate to describe the average value of 
the converter and machine variables. 

Equating terms for the 6th harmonic from equations (5.1) 
and (5.2), yields 

uq s6e 	-rs +pXs 	weoxs 	Pm 	weo m Xs d soe+ 
	

iq s6
-' 

	

m 1'droe 
	

d s6 

e 
vd s6 

e 
- .eo X 	~'S xs -w50 X. P 	..(Xs iq~ #. 0 

Xrn iq ro ) 

e 
1 1q r6 
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Te6 m igso iar6 + idro igs6 'igro ids6 	dso 
...(5.24) 

TL6 0 	 ...(5.25) 

Rewriting equation (2.14) 

Te = TL+ 4m fb H p (w ,) 	 ...(5.26) 

The expression for the 6th harmonic speed pulsation is given by 

wr6 - 1_._._' 	~6 	 ...(5.27) 
47c fbH p 

,Frust equations (5.7) , (5.8) and (5.9) 

q s 6e 
= .. 2 IRS cos 6 wet #1 	 ...(5.28) 

ds6 	12 1RO sin 6 wet 	 ...(5.29) 
35 

V16 =~ 2 v a cos 6 w t+v e_12 	e  a 	qs6 	 sin 6 w t 
35 q~ 	 35 dso 	e 

.•.(5.30) 
Rewriting equations (2.23) to (2.36) 

Ii~~{r 	^^uhf\ ti..1 .~! -. .. .'L..L 

I R = Ksp( r - Wr) 	 _: 
	c~caF.~  	 ... ( 5.31) 

vR = is (1 + T wbp) SIR - I
R ) 	 ...(5.32) 

P 

ws, ksc IR 

we - 'r' s9 (for motor operation) 	...(5.34) 

The expressions for concerned 6th harmonic variation are as 

follows -. 

Ksp wr6 	 ...(5.35) 



Kc (1 + T wbp ) 	Ic 
V 	= ...._..........(1R6 - IR6) 	 5.36 )  

wb p 

wsf 6 = Ks~ IR6 	 ...(5.37) 

we6 - wr6 + W$Q6 

The four forcing functions, namely 37 IRO cos 6 Wets 

7 IRO sin 6 wet, 37 vq ~e cos 6 wet, 	. vd so sin 6 wet are 

of the same frequency. Thus all variables in the steady-
state will be of this frequency and hence phasors may be 
employed for these harmonic variables. Therefore, if 
cos 6 et is replaced by a unit phasar (1), sin 6 wet will 

be replaced by -j and p by j 6 weo. Defining 

Iqro e = 	iq~ e + Xr igro ...(5.39) 

dru X Im idsoe + 	i 	e X? 	dro ...( 5.40) 

IJq = Xs iq we 2 
+x n iqro ...(5.41) 

e X 	 do + m id ro 
Z  ...(5.42) 

The equations (5.23) gives after some simplification 

e 
k7q s6 

d s6e 

L) 

0 

T +j 6 	w 	X 	j6 w 	w 	X 	t~ 	0 s 	eo s 	CO 	eo m 	d so q" e q s6 
wCOX8 	 n id she 

-WweoX$ r +j6 	-weo ~ j6 weoxm 4q 	0 igr6e 

we~X s 

j6w 	w 	X 	' +i6 	w 	X 	0 Co 	s 	 so r ~o m 	r 	 d ro i~ d r6 
Xm 	 We Xr 

_ ws fo 	j 6 weo 	- ws4oxr 	Yr+j 6 	0 	-t~ a6 

Xm 	w X eo r 
L 

s16 1  ,_ 
...(5.43) 



Further, from equations (5.24), (5.27) to (5.30) and (5.35) 

to (5.38) 

`" T = X~ i e i e+ i e i" e- i 	i— e - i e. e e6 	m --qs~ dr6 	dro qs6 	qru ds6 	dso qr6 

...( 5.44) 
wr6 - 	1 	T 	 ...(5.45) r6 	24n f b H weo 	e6 

iq s6e _ 2 s RO + 6 	 ...(5.46) 
35 

i_ e- . 2 i ds6 	35 Ro 

--~- _ 2 	e 	12 	e 	----- e 
Vz6 	35 vgso + 35 vdso 	vgs6 	 ...(5 •48) 

IR6 = - Ksp wr6 	 ... (5.49) 

VR6 = (- -- ~. 
T)(IR6 1R6) 	

...( 5.50) 
6% 4eo 

ws16 -K5 IR6 	 .•f (5.51) 

we6 Ll + s,6 	 ...(5.52) 

V R6 =v. + (j6weO XF+ RF + XCO) IR6 	 ...(5.53) 

substituting the expression for IR6 equation (5.49) in 

equation (5.50 ) 

K V 	 C
R6 _ (_ ~_.. + Kc T) (-K  r6wr6 IR6) 	 ...(5.54) 

6`"'b weO 	 . 

From equations (6.48) , (6.53) and (5.46) 

2  
e 	e Vgs6 	I6 + 35 vgso 
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V16 = VR6-(j 6 weo XF+ RF+ XCQ} 1R6 	 ... (5.56) 

e2 	 5.57) ••. IR6  ~'qs6 + 35 zRO 	 ( 

u sing equations (5.54), (5.56) and (5.57), equation ( 5.55) can be 
written as 

jK 	JK 
va s6 - _(-~ 	+ K•„T)K~ w=~(- 6 c 	+ KcT +j 6 weo XF + 

beo 6w w 	 % eco 
-- e 	2 	e 	12 	e 

	

RF+ XCn)(igs6 + 35 IRO)+ 	
v 

35 vg so -) 35 dso 

...(5.58) 

Substituting for T 	from equations (5.44) in equation (5.45) 

wr6 - ! 24n fb H weo m lgso e 	e 	 e 	e i rh + idro 	 igs6~ lgro i s6 -  

idsoe igr6e) 	...(5.59) 

Using equations (5.18), the above equation becomes 

w4 	(-igsoe d i r6 + id roe gs I 6e igroe lds6e~ r6 	24it fb weo ' 
... ( 5.60) 

Substitution of above expression for 6 in equation ( 5.58) 

results in 
j 

vgs6 W (- 6 ew + KT) K 	~igsoe idr6e+ idroe gs6e -  eo 	24Tc f b weo 
jK 

lgroe ids6 )-(i
_ 

gs6e+ 575 IRO)(" w c +KAT+ j 6 weo XF + 
6wbweo 

_ 	 e 

	

RF+ XCO) + 3 5 vq soe j 3 5 vd so 	...(5.61) 
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Fr:,m equations (5.51) and (5.57) 
e 2 wsf6 = ICsj (jgs6 	 ...(5.62, 

expressions for wr6 and wsf6 from equations (5.60) and 

( 5.62) respectively in equation (5.52) and defining 

X 
...(5.63) 

24n fbHweo 

one gets 
-».- e 

wr6 (Ksr J KT ldro ) igs6+ 3 IRO Ksr J K T(igso ~'dr6 - 
igroe ids6e) 	...(5.64) 

Utilising equations (5.62) and equation (5.64), equations 
(5.43) gives 

v' e I I+j6i X+ w X +j j6 X w X~- C 
qs6 	s 	eo s 	eo s 	eu m e~ 	T 	q s6 

,*dso(Ksr JKT K Tigroe 	 d s igs,e 
ld roe) 	Vd so 

vd s6 weoX s Vq so 	s +~ 6weo weo X 	6weo n + 
'Ks~,~KT'1 d uel 

 
XSJKT 
	 3KT 4q so i 

groNqso 	i e gso 

— e 

ds6 

0 	j6 we m+ 
1d ruKs.f 

's Ko Xrn rr+j6 
weoXr 

ws X o r `-- e 
r6 

0 	- w sf m- 	j 6weoX~ 	sx - w o r 
i*qro Ks 

Yr+j 6 

we0 Xr 

e 
i r6 
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2 
35 1RO Ksf 4'd so 

+ 2 
35 1RO Ks( *qso 
2 
35 Kst IRO *dro 

2 	~ T 
" 35 Ksf IRO`~gto 

...( 5.65) . 

substituting the expression for vgs6e from equation (5.61) 
in equation (5. 65) and rearranging the terms 

._.. e 
1d s6 

0 

0 

e+ Ts+j 6weoXs+ weOXs+j KT j 6weO. we m- jKT igs6 
~dsoe)._Ks 	K T iqn~ 	dso+ n  d so 	 q 
idro c 	+ jKIPKT iq e -j Ks 	KT 

6wb we;o KKT - j KspKT (,. _ + 
p j K 

iq  
j K 6wbw eU 6wbwe 

j''dme(- 	c  KCT) + KCT 
6wbweo KcT)+j6weXF + 

RF+ XGO 
- weoxs 4 q so r +j 6w 	x - s 	so s - w 	x eofn j 6w 	x + eo m 
(Ksf-jy'T jl<Tlgroe jKT 1gso 

e 
ds6 

idroe) *q so iq ,e 

j6 weo m+ '' 10 x Yr+j 6 ws~ xr 
dro KS wevXr q r6 

wsQoxm- 	j 6 weo m 	— wsfo 'r+j 6weo 	idr6e qr KSf 	 Xr 	Xr 	J 



------- + KCT+ j6 weoXF+ RF 
b 	

+ XCQ+ 
6w weo 

- I< 9  4rq ro 

Ksf~ ~d Lv 

-Ksy *qro 

2 

L3 T Ro 

Defining 

ZA --  	- j KT idro` 	 ...(5.67 

j KC 
LB -- 	+ KCT 	 ...(5.68) 

6 wb weo 

z 	j '6 w~ 	 ...(5.69) 

and substituting. using these new constants in equation (5.69) 

on gets 

2, (v e- 	-' +R +X + w X +jK Z X 	w 	-~ j K 	i e 35 qso 	s F Co 	eo s T 	m 	eo m 	T 	qs6 
z(x +x) 	 e 

j6 vdso 	,+ s 	'qxe dso+ 'do 'q so * 
dso A J Ksp KT 	- j KspKT 

- jKSP XT i e 	 i e 
Ma roc ZB 	qro 28 	 q$o ZB 

eoXS Is+ Z Xs -W ea m Z 	XYn+ ..j KT 
e 	 e 

q so ZA 	 j KT i 	•l q ro 	qs ~q so 
TJq so 

n 

VM 

Z XYn + td.r_~ wsco 
Ks~ 
..w so m 	g xm 

J10 K8 

r xr ws~o Xr 

-wsO Xr r+ Z Xr 

--- e 
ids 

igr6 

e va s 

e 
ld r6 

6 	I = 



35 (~qso 

i6 vd soe ) 

—e 
Vds6 

C 
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ZB+ Z XF+ RF+ XCO+ Ksgr 4dso 

- K'sq *q so 

Ksg *dro 

- KS, *qro 

2 

L3 S ROJ  •..(5.70) 

substitution of alternate expression for IRO from equation (5.17) 

and ids6 from equation (5.47) in equation (5.70) results in 

.~., e 
~qs6 rs+RF+XCO* we Xs+ j KT Z m Weo m 	KT 

z( XS +XF) +' i 	e 4 	+ 	4  q 	Y d so 	d so q so 
41d sot + ZB- , 
J. K K 	, Ks ' KT 	J Ksp T qso 

4p T 	i
qro  ZB 
	ZB 

id e  

-4 - eoxs 	5+ ZXs • ' ',"eo m Z Xtfl +J KT 
e Iii so ZA 	jKT igroe 	4q5 igso 

*q so 
I 2 + 	wsso Xm 	err+ cr ws7o Xr 

d ro Kst 

2 
335 

e igso 

e 
iq r6 

0 _wsto xm- 	Z Xm 	-wsfX  Y r+ ZXr 

4'q, KS1 

" e 
'd r6 

Z XF+ RF+ XCO+ KS1 *d so 

+ 	 KsT 4Jgso 	[L ci. 
35 

K9 dr 	

iq  

..Ksf ~qro 
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Rewriting equations (5.71) 

r- 	+X +Z(X +X )+~t 	Z+ 	- j K K i e :i sF CD 	S F 	d so 	Z B 	sp T dr  7'B qs6 

+ z )tn igr6e+. (weo n i KT *d so 1q so -i Ksp K T igsoe ZB) 

ldr6e - 2/35 (vgsoe - j6 vdsoe ) - (ZB+ z 5+ RF+ XCQ + 

2 	e 	e 
KSc *dso) 35 igso -(weo Xs+ .i K 'qro 4J Sosp + . K KT 

1q rue ZB ) j 15 1q so 	 .••( 5.72) 

(Z+4 	K) i—a+(Y'+zX.) i—e+w 	i e n dro sQ qs6 	r 	r qr6 	s~o r dr6 

L Ksf *dro igsoe -a 3:5 igsoe ws ?o Xtn 	...(5.73) 

-(wsfo Xin- 4gro K4) lgs6e 
	Xr j'gr6 tkxr xr) idrhe 

35 1(4 4gro 'q$ò ' - j Z )ç. 
	igsoe 	...( 5.74) 

vd s6e = (-weoxs 4q so zA) lq s6e +( ADS̀+ Z Xs - j KT iq roe 4Jq so 

35 igso - weo )cn qr6 + (2 	J KT 	i e) qso qso 
i 

e - 
2 K 	i e 

dro 	5 s1 q so q so ... ( 5.75) 

Equations (5.72) to (5.74) can be solved for iqs6 e qr6 i— e '  
and id r6e • once iq 6e, 1q r6' and id rhe are known then from 

equation (5.75) vds6e can also be computed. 

S.tbstituta.ng values cif 1gs6e, 1 e, i rhe and vds6 in 

equations (5.44), (5.60) and (5.61) the 6th harmonic torque, 

2 

speed and voltage pulsations can be calculated respectively. 
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A computer programme is written to compute all the 

sixth harmonic variables i.e. 6th harmonic rotor speed, 6th 

harmonic torque, 6th harmonic stator voltage, 6th harmonic 

rotor current and 6th harmonic stator current, under steady-

state operation of the drive with full load torque output 

for four different values of p.u. operating frequencies and 

three sets of controller parameters. 

5.3 RESULT AND DISCUSSION 

in this section theoretical results, obtained through 

the computer, concerning the harmonic analysis of inverter-fed 

induction motor drive are discussed. The computer programme 

is given in Appendix (Iv). 

The variation in 6th harmonic rotor speed, 6th harmonic 

torque and 6th harmonic stator voltage as function of the aver-

age load torque for different p.u.. operating speeds ranging from 

.2 to 1.0 has been studied and the relevant graphs are .plotted. 

5.3.1 The Sixth-Harmonic Rotor-Speed Vs Average Load lbrque 

The rotor speed harmonics, in stable zone of the torque 

slip characteristic are more in comparison to rotor-speed 

harmonics in unstable zone of the torque slip characteristic 

of the induction motor. As p.u. operating frequency is 

decreased rotor--speed harmonics increases in the entire slip 

range as shown in Fig. 5.1. 
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Thus, for snall speeds, rotor speed harmonics are more 

in comparison to rotor-speed harmonics at high speeds. There 

is not much difference between rotor-speed harmonics at any 

p.u. frequency of operation in unstable zone of torque slip 

characteristic but there is considerable difference in the 

magnitude of rotor-speed harmonic in stable zone of torque 

slip characteristic for all p.u. frequency of operation. 

5.3.2. The sixth-Harmonic Load Torque vs Average Load Torque 

Torque harmonics in stable zone are more in comparison 

to .torque harmonics in unstable zone of the torque slip chara-

cteristic of the induction motor for any p.u. frequency of 

operation. Also, the sixth harmonic torque almost remain 

uneffected with variation in the p.u. operating frequency 

as shown in Fig. 5.2. 

5.3.3. The Sixth-Harmonic Voltage vs Average Load Torque 

In stable zone of the torque slip characteristic of the 

induction motor, voltage harmonics are more compared to in the 

unstable zone for a particular p.u. operating frequency. As 

the p.u. operating frequency is decreased voltage harmonics 

in the entire slip range decreases as shown in Fig. 5.3. 

Thus, for high speeds, voltage harmonics are more 

while for low speeds voltage harmonics are less. In stable 

zone voltage harmonics are mere in comparison to voltage har-

monics in unstable zone of torque slip characteristic of 

Induction motor. 



The sixth-harmonic rotor and stator currents are cons-

tant for'the entire slip range and also there is almost no 

change caused by variation in the p.u. operating frequency. 

5.3.4 The Effect of Change of Controller Parameters(Ksp,Kc,T) 

A variation in the controller parameters has negligible 

effect on all the sixth harmonic quantities. 

5.4 CONCLUSION 

In this chapter analytical method for determining the 

sixth harmonic torque, speed. stator voltage and currents pulsa-

tions of an Induction motor drive when supplied from a recti-

fier controlled current inverter source has been set forth. 

The sixth-harmonic torque pulsations remain same for all 

p.u. operating frequencies. Torque harmonics are small in 

unstable zone of the torque slip characteristic of the Induc-

tion motor. There is negligible change in rotor speed sixth 

harmonic component as p.u. for operating frequency is varied 

in unstable zone of the torque slip characteristic of the 

Induction motor. Sixth harmonic rotor speed oscillations are 

staall in unstable zone for all p.u. frequency of operation. 

The sixth harmonic voltage pulsations are large under high 

speed operation and small at low speed operation of the drive. 

Change in controller parameters does not deteriorate the 

drive performance as far as the torque and speed harmonic pulsa- 

tions are concerned. 
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CHAPTER - 6 

7HE TRANSIENT 7NJLYSIS OF ZHE DRIVE 

In this chapter transient response of rectifier controll-

ed current inverter fed induction motor is studied for the three 

sets of controller parameters (obtained from chapter - 4). All 

the equation, describing the drive transients behaviour, are 

converted into five 1st order differential equations. These 

Li rst order differential equations are solved by Xourth .order 

Runga Kutta method. The various aspects of the drive studied 

are (i) starting from rest (ii) sudden change in reference speed 

setting and (iii) reversal in direction of rotation of the induc-

tion motor. 

6.1 STATE SPACE EQUATIONS 

Following additional assumption, in addition to those 

in the mathematical modelling, is made to derive the state space 

equations of the drive. 

The effect of harmonics Is neglected. Thus only funda-

mental component of a.c. is considered. so from equations (2.24) 

and (2.25) 	g ° 0, 	g e -. 1 ds 	qs 
Rewriting equation ( 2.26) 

e 
vqs 	Ys Xs wexs p• m 	we m 

e 
vd 	We Xs s 	s we 'Sn 	p xfn 

1  o

J 	PXm 	Wsy m 	rr+'Xr WssXr 

0-ws~( m 	p  Xm 'wsf Xr r+ 

...(6.1) 

i e q s 

i e ds 

iqr e 

i e dr ..(6.2) 



substituting value of g 	and ggse from equation (6.1) in 

equation (2.33) to (2.25) yields 

e VI _ vgs 	 ...(6.3) 

~, e= I  qs R 

id
e_0 	 ...(6.5) s 

The ds equation in equation (6.1) below has been omitted since 

idle is identically zero 

e 	 iqs 	X e  vqs 	rs 	0 	we m 	 s m0 	iqs 

0 	0 	-rr ws f r 	igre + p m 	Xr 	0 	'q re 

	

-wsfXm -wsQXr Vr
. 
	idre 	0 	0 	Xr 	idr 

...(6.6) 

Rewriting equation (2.21) 

VR =VI+(RF +XCO+p XF ) IR 	 ...( 6.7) 

substitution of value of VI and IR from equation (6.3) and (6.4) 

in equation (6.7) results in 
VR ^_ Vq se + (RF + XCO + p XF ) iq'se 	 ...(6.8) 

Substituting the expression for vq se from equation (6.8) in 

equation (6.6) and rearranging the terms 

V R 	rs+RP+XCO 0 

0 - 0 Tr 

0-wsl m ..wsf xr 

	

e 	 e 
we m T iq s 	X s +XF m 0 iq s 

e wsfXr iqr e +p Xm 	Xr, 0 	iqr 
e 

	

-fir idre 	
0 0 Xr idr 

•••(6.9) 



Defining 

S + RF + XCp R 	 ... (6.10 ) 

xs + xF 	= x 	 ... (6.11) 
Substituting the new constants from equations (6.10) and (6.11) 
in equations (5.9) yields 

[vR1 	 R 	0 	qs we m iq $`~ 	X m 	i e 

0 	- 0 	-Yr w sfXr 	iq re + p m Xr 0 	iq r 

Lo 	w 
	

-us Xr f̀r 	id re 	0 	Xr L n Je 

... (6.12) 

Writing above equation in 1st order differential form with 
operator p defined as (•) one gets 

•s q se 	X x 
-1 

0 	R 0 weXfn j'q s e 
-1 

x 	Xin 	0 	V R. 

iq =e - 	• X r 0 	0 w JX r \\ jq; 	+ Xm 	Xr 	0 0 
t 

•e 
id r 0 

_ 
Xr 	w4 ' 4 

r 
dr 0 	0 	X 0 

or 

qs 

i .e 
qr 

.e~id r 

I 
X Xr m 

	

R Xr 	-Xm 'r we mxr w4XrCm 

	

- m R 	X r -wZ + Ws1Xr X 

r 

	

-_s m 	-ws Xr X 	x x Xm2) 
Xr 

r' ) 	Xrxm2) 

e 
qs 

e 
iq r 

e 
id r 
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• xr 	-X 	0 	1 v R 

+ -- -----2 	- m 	x 	0 	0 
X X xm  2 

IL 
0 	0 X Xr in 

Xr LoJ 

•••( 6.14) 

Rewriting equation (6.14) 

iq ee = - 1 
,n 
2 ) - R X r i Se + m ~'r iq re_( we mX r w sax Cm ) id r + 

(X Xr X 
xr VR J 	... (6.15) 

iq =_.__ 1 	 R iq se-X Yr iq re r(( X 2 w&QXr 
( Xr m 

x~ vR
] 

idre 	X (ws  in igse+ wsy xr iqr - r idr) 	... ( 6.17) 
r 

Rewriting equation (2.27) 

T = Dn igse idr 	 ... (6.18) 

Rewriting equation (2.32) 
e2'TL +4nfbHpwr 	 ...(6.19) 

Froin equations (6.18) and (6.19) 

p w- Z----- (X .i e 	e - T) 
r w 4fi f H 	in qs dr 	L 

b 
or 

r i -1 .... (x igse id re - TL) 	... ( 6.20) 
4it fb H 



Rewriting equations (2.33) to (2.36) 

IR = Ksp (u - wr) 	 ... (.6.21) 

V 	K (1 + T wb p) R 	c 	
(IR 	I 	 ...( 6.22) W p 	R 

w 	s K ... (6.23) sx( 	s ' 

We = wr + Wsf 	 . , . ( 6.24) 

Rewriting equation (6.22) 

xc  
pVR = w 	(1 +Twbp) (IR - IR) 

b 
or 

VR 	Kc (zR w IR) 	 ... 	CR  I 	 6.25 ~b  R  (  ) 

1uations .. (6.15), (6.16), (6.17), (6.20) and (6.25) 

are the five first-order differential equations describing the 

transient behaviour of the drive. These equations are solved 

with the help of fourth-order Runga Ku tta numerical integration 

method under different .modes of operation of the drive. 

6.2 RESULT SAND DISCUSSION 

In this chapter the transient response of rectifier 

contrr lled-current inverter fed induction motor drive is studied 

for various conditions as given below. The computer programme 

is given in Appendix V. Load characteristic is assumed fan type 

with static frictional torque and given by following expression 

TL = TLO + G (w ) 2 



Table 6.1 - 	TABLE - 6.1 

(a) Starting from rest to reference speed 

(i) Reference speed setting 0.2 

Rotor Speed D.C. ],ink 
Kspe T  -- 	--- cu rrent 

Final value Settling current Torque 
(p.u.) time( sec.) final value final 

value 
(p.u.) (p.u.) 

(1) ( 2 ) (3) (4) (5) (6) (7) 

10 0.3 0.05 0.16506 1.226 0.34941 0.11795 

20 0.2 0.05 0.18227 1.229 0.35461 0.12189. 

50 0.1 0.1 0.19284 1.927 0.35802 0.12451 

(ii) Reference Speed Setting 0.5 

10 	0.3 	0.05 0.45134 0.9108 0.48658 0.23425 

20 	0.2 	0.05 0.47489 1.156 0.50215 0.24863 

50 	0.1 	0.1 0.48975 1.997 0.51228 0.25807 

(iii) Reference Speed 1.0 

10 0.3 	0.05 0.90931 1.962 0.90686 0.64492 
20 0.2 	0.05 0.95199 2.627 0.96009 0.69727 
50 0.1 	0.1 0.98007 5.780 0.99656 0.73302 



Table 6.1(contd.) 85 

(b) Sudden Change in Reference Speed Setting 
(i) Change in Speed Reference from 0.2 to 0.5 p.u. 

(1) (2) (3) 	(4) 	(5) 	(6) 	(7) 

10 0.3 0.05 0.45134 0.7006 0.48658 0.23425 

20 0.2 0.05 0.47489 0.8057 0.50215 0.24863 

50 0.1 0.1 0.48975 1.366 0.51228 0.25807 

(ii) Change in Speed Reference from 1.0 to 0.2 p.u. 

10 0.3 0.05 0.16506 2.662 0.34941 0.11795 

20 0.2 0.05 0.18227 3.258 0.35461 0.12189 

50 0.1 0.1 0.19284 3.382 0.35802 0.12451 

(c) Reversal of Direction of Rotation of the Motor 

(i) Changes in Speed Reference from 0.8 to -0.8 

10 0.3 0.05 -.0.72899 4.449 0.71013 -0.45022 

50 0.1 0.1 -0.78468  3.678 0.76620. -.0.50578 

4 
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where 

TLG  = static friction torque p.u. 

wr  = induction motor rotor speed in p.u. 

G = con st an t 

The value of G in present case is 0.66. 

For three sets of controller parameters the transient 

response of the drive is calculated. The various modes of 
operation of drive are 

(i) for starting from rest to reference speed settings of 

.2, .5 and 1.0 p.u. speed 

(ii) sudden change from one steady-state speed to another 

steady-state speed in both up and down directions. 

(iii) reversal of direction of rotation of the motor. 

The transient perfonnance of the drive is illustrated 

in Figs. 6.1 to 6.30 and Table 6.1 shows the performance at a 

glance. 

6.2.1 Starting from Rest 

Figs. 6.1, 6.2 and 6.3 show the transient behaviour in 

rotor speed for three chosen sets of controller parameters under 

•2, •5, 1.0 p.u. reference speed setting respectively. 	Among 

the three sets of controller parameters set with high K ' (i. e. 

50) is noted to possess more oscillatory speed response at 

lower reference speed setting. For any low speed setting case 

the drive with controller parameters set having high Ksp(i.e.50) 
is noted to have larger pickup time, higher overshoot and larger 
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settling time in the speed response. At higher speed setting 

the speed response characteristic is monotol)ic in nature, the 

pick up time and the settling time being always larger for the 

set of controller parameters with larger Ksp(i.e. 50). 

For any reference speed setting the drive is noted to 

have larger steady-state error in speed for set of controller 

parameters with smallest Ksp( i.e. 10). 

Figs. 6.4, 6.5 and 6.6 show the transient behaviour in 

d.c. link current for thr,3e chosen sets of controller para-

meters under .2, .5, 1.0 p.u. reference speed setting respecti-

vely. The response is noted to be oscillatory in nature, the 

oscillation persist for long duration with the set of controller 

parameters having larger Ksp  (i.e. 50) especially at lower 

reference speed settings. The overshoot in current is larger 

for the set of controller parameters with smallest Ksp(i.e. 10) 

under all reference speed settings. The instant of overshoot is 

earlier for controller parameters having smallest Ksp  (i.e. 10) 

and at no time overshoot exceeds a value of about 1.2 p.u. 

Figs. 6.7, 6.8 and 6.9. show the torque transient for 

three chosen set of controller parameters under .2, .5 and 1.0 

p.u. reference speed setting respectively. The torque trans-

ients behaviour in a manner similar to current transients. 

Even under the highest speed setting the transient torques are 

found to be appreciably less, a set of controller parameters 

with high Ksp(i.e. 50) appears to have better performance in 

this regard . 



6.2.2 aidden Change in Reference Speed setting 

Figs. 6.10, 6.11 and 6.12 show the drive perfonnance 
under the three sets of controller parameters for sudden 
change in reference speed setting from .2 to .5 p.u. The 
speed transients indicate larger overshoot and settling time 
for controller parameters with high KSP (i.e. 50) . The settl-
ing time being almost double for controller parameters with 
high Ksp(i.e. 50) in comparison to that for controller para-

meters with snallest Ksp(i.e. 10). The current and torque 
transients are snail for controller parameters with high KsP 

(i.e. 50). However the difference in overshoots under extreme 
cases (controller parameters with high K and controller para-

meters with low Ksp) is not much. 

Figs. 6.13, 6.14, 6.15, 6.16, 6.17, 6.18, 6.19, 6.20, 

6.21 shows the drive performance under the three sets of 

controller parameters for sudden change in reference speed 

setting from 1.0 to .2 p.u. speed. Best drive performance is 
noted for the set of controller parameters with snallest, Ksp 

(i.e. 10) while the case for controller parameters with Ksp 
equal to 20 is worst. For the case of controller parameters 

with smallest K (i.e. 10) is noted to settle earliest, with 
least value of overshoot in current and torque transients 
while the case of controller parameters with KSp e~ aal to 20 

appears - to worst in all respect. 



6.2.3 Reversal in Direction of Rotation 

Figs. 5.22, 6.23, 6.24, 6.25, 6.26, .6.27, 6.28, 6.29, 

6.30 shows drive performance under the three sets of controller 

parameters for sudden change in reference speed setting from 

.8 to -.8 p.u.-speed. The drive is found to exhibit sustained 

oscillations for the case with the controller parameters set 

having Ksp  equal to 20. .among the other two cases the controll-

er parameters set with Ksp  equal to 50 appears to be settle 

slightly earlier as far as the speed transients are concerned. 

However the associated current and for ue transients for this 

case are slightly on the higher side. 

6.3 CONCLUSION 	 ' 

in analytical method for determining the transient per-

formance of the induction motor drive fed from rectifier 

controlled-current inverter source has been set forth in this 

chapter. 

For three sets of controller parameters, the transient 

performance of the drive is calculated under three different 

conditions i.e. starting sudden change in speed reference sett-

ing and reversal in direction of rotation of motor. 

For the set of controller parameters with smallest Ksp  

(i.e. 10) settling time is smallest under all modes of opera-

tion except for the case of reversal in direction of motor 

when the settling time is slightly larger than that for the 

best set (KSp  50). 



Overshoots in torque and currents are more for set of 

controller parameter with smallest Ksp  (i.e. 10) for all 

cases in which new reference speed setting is more than pre-

vious one (i.e.. up speeds). Overshoot and undershoots in 

current, torque and speed are largest for set of controller 

parameters with Ksp  equal to 50 for down-speed cases (i.e. 

reference speed setting is changed suddenly from high value 

to a low value). 

The torque, speed and current transients are more 

oscillatory in nature for down-speed cases. 

The steady-state error is more for the set of controll-

er parameters with smallest Ksp  (i.e. 10) . 

From the point of view of settling time in speed, the 

set of parameters with 

Ksp  =10 	Kc  =.3, 	T =0.05 

appears to be the best choice of the controller parameters 

for various modes of operation excluding sudden reversal in 

the direction of rotation of the motor. For this latter case 

the drive performance from the point of view of settling time 

in speed is only marginally poor in comparison to the best 

set of parameters (i.e. with K. = 50)• 
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CHAPTER - 7 
CONCLU SION 

This dissertation concerns variable speed operation 

of a induction-motor drive through a rectifier controlled-

current inverter source. It is well known that such a drive 

is unstable in the open-loop mode of operation. To overcome 

this problem the drive is converted to close-loop from open-

loop with the help of three regulators, namely a proportional 

speed regulator, a p-i current regulator and a slip regulator. 

The proportional speed regulator works on speed error and sets 

reference d,c. link current. The p-i current regulator works 

on d.c. link current error and controls the actual d.c. link 

current. The slip regulator sets slip speed proportional to 

d.c. link current so that rated air-gap flux is maintained in 

induction motor. 	 ;:i0j. L!' IT"-'tai 	 t ;  

An analytical method of determining steady-state per-

formance of the rectifier controlled-current inverter induc-

tion motor drive has been discussed in this dissertation. The 

steady-state performance reveals that in the open-loop unstable 

region of the torque-slip characteristic the induction motor 

stator voltages are snail, power factor is good in comparison 

to open-loop stable (i.e. low slip) zone of the torque-slip 

characteristic. Drive efficiency is poor in unstable zone 

comparison to stable zone due to neglect of iron--losses in 

analysis. The drive operation in the open-loop stable 



region of the torque-slip characteristic is impossible due 
to high degree of saturation in the induction motor associat-
ed high iron losses and magnetising current* As p.u. operat-
ing frequency is decreased stator voltage reduces, power 
factor improves and efficiency and power output reduces when 
the drive is operated at a fixed d . c. link current. 

Stability studies are carried out to coordinate 
controller parameters so that system is not only stable but 
possesses a certain minimum degree of stability. Compact 
expression for the system characteri stic equation is derived 
from small displacement theory and then, by applying fl-parti-
tioning technique, the stability boundaries are determined 
in the plane of two adjustable parameters of the p - i 
regulator. D-partitioning boundaries are determined for 
three different values of proportional speed regulator cons-
tant (Ksp) namely 10, 20 and 50 and for each Ksp, with four 
different p.u. operational frequencies namely 0.2, 0.5, 0.8 
and 1.0• For each case the maximum degree of stability, , 
has also been determined. Following sets of regulator para-
meters ensure a minimum of 2.7 sec 1 degree of relative 
stability of the drive over 0.2 to 1.0 p.u. frequency range 
of operation under full-load torque conditions - 

Ksp s10 	Kc =0.3 	T = 0.05 
Ksp =20 	0=0.2 	T=0.05 
K5 ~• 50 	Kc 0.1 	T x 0 .l 
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Analytical methgd of determining 6th-harmonic torque, 

speed and induction motor stator voltage pul sation of recti-

fier inverter induction motor have been discussed. Sixth-

harmonic rotor speed torque and voltage are considerably more 

in the open-loop stable zone of torques slip characteristic in 

compare to in the open-loop unstable zone of torque slip 

characteristic. AS p.u. operating frequency is decreased the 

6th-harmonic rotor speed oscillation increases in both zones 

of operation while the 6th-harmonic voltage oscillation 

decreases. There is hardly any effect on 6th harmonic torque 

oscillations due to variation in p.u. operating frequency. 

Thus, the drive exhibits superior harmonic oscillation perfor-

mance when operated in the open-loop unstable zone of the 

torque-slip characteristic, however, the use of regulators 

will now be absolutely essential. 

The transient performance of drive is next carried 

out, a nonlinear 5th-order state-space model of the system 

is developed. The various aspects under this study are start-

ing, ssdden speed change in both up and down directions and 

reversal in the direction of rotation of the motor. The 

transient responses of the drive have been determined each 

time for the 3 sets of regulator parameters recommended earlier 

in the linear-model stability analysis of the drive. From 

the point of view of settling time in the speed transients 

the following set of regulator parameters are found to be best- 

K$p 	0.3 	T = 0.05 



For any reference speed setting the drive is noted to 

have larger steady-state error in speed for set of controller 

parameter with smallest Ksp  (i.e. 10). However, since, for 

a fixed set of controller parameters the reference speed 

selector can be suitably calibrated in terms of the actual 

drive speed thus much importance need not be given to the 

steady state error. 

SCOPE OF FURTHER WORK 

Further work can be done on this topic under 	follow- 
ing aspects - 

(i) The steady state performance, , 6th harmonip analysi s, 

stability analysis and transient analysis have been 

determined theoretically in this dissertation. These 

mu St be checked experimentally. 

(ii) A rectifier inverter source has been considered here 

to feed variable current and frequency supply to the 

induction motor. An alternate form of the supply source 

like the inverter operating in the pulse width modula-

tion mode, may be considered. 

(iii) The present work considers only the effect of the 6th 

harmonic pulsation of the drive whereas 12th and other 

higher harmonics are neglected. The effect of higher 

order torque pulsation may also be considered if the 

drive is to be operated at extremely low speeds. 
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(iv) 	The perfo xmance of the variable speed induction 

motor drive can be studied using different types 

of controllers like p-i-d controllers. 

(v) In this dissertation drive operation in 5ubsynehro-- 

nous speed range only has been studied. Drive opera-

tion in supersynchronous speed range can also be 

studied. 

(vi) Effect of variation in the induction-motor parameters, 

namely inertia constant, may be studied. 

(vii) The present work ignores commutation time of the 

inverter. Inverter with finite commutation time 

may be considered and its effect on drive performance 

may also be studied. 
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APPENDIX - I 

THE SLIP REGULATOR - CONTROL STRATEGY 

The drive under study makes use of a slip-regulator to 

maintain the air-gap flux of the induction motor near its 

rated value under below-rated speed operation of the drive. 

Such an aim can be met by varying the set value of 	J I nearly 
proportional to the d.c. link current. This control strategy 

can be proved as follows. 

The equivalent circuit of an induction motor is shown 

in Fig. (I.1) and its approximate equivalent circuit is shown 

in Fig.(I.2). 

From approximate equivalent circuit rotor current 

can be written as 

... (Y.1) 

x and x 
~1  u2 
we 

w s(( 

p.u. reactances at base frequency 

p.u.frequency of operation 

p.u. slip speed 

Rewriting above equation 

V/w e 
R 

( Ws+ Wr )2 +(x 	+ x )2 
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For constant air-gap flux voltage/frequency ratio must 

be kept constant and ignoring the stator resistance term since 
we > wsf the above equation can be simplified to 

	

Constant 	 ..,(1,3) 
Fr 
t wr' )2 +(xy +X~ )2 

sf( 	1 	2 

Since, w$~ is very snail in actual cases resulting in 
r
s »(x + x ), hence above equation can be written as 

wsV fl f2 
i R 	Con stant 

rr 

	

Constant . ws~ 	 ... (1.4) 

Thus, Rotor current is directly proportional to ws~ and is•
not dependent upon the p•u. speed of operation. 
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.FUR FORTRAN V.5A(621) /Kl 
 18-AUG-82 	14:40 	PAGE: 1 

RPPEND)X - 11 ' 

PROGRAM FOR STEADY STATE ANALYSIS 

DIML NSION WF (4),FIOS(8),WS1,,(100),U(100) 

OPEN (UNIT=1 , FIT,E=' TS, I)AT' ,DEV ICE='DS(' ) 

OPEN(UNIT=3,FSI.,E='TS1.DAT' ,)EVICE=' 1).SK' ) 

COPF'N (UNIT=4, F1LE=' TS2. DAT' , DF'V.10E=' i)SK' ) 

OPEN (UNIT=5, FILA:=' TS3„DAT' , pl:VICE=' f)SK' ) 

OPEN(UNIT=6,FI E='TS4.DAT',DEVICE='DSK') 

OPk N (UNIT=7, FI r,F=' TS5. DAT' , DFV.10E='DSK' ) 

OPEN(UNIT=R,FILTS6.DAT' ,DEVICE='DSK' ) 

RFAD(,1,*),J,M,N 

READ(1, f`), (WE(1),I1 ,I)  

R A Tl (1 , *) , (.- ?'% i , ) , i., - , +I j 

READ(1, *) , ((1 (K), K=1, N) 

READ(1,*),RS,RR, XS, XR,XM,RF ,XCU,WI3 

PRINT*,,), M, NN 

PRINT*,(WE(I),I=1,J) 

PRIr T*, (FIOS(l,),1j=1,M) 

PRflJT*, ((J(K),K=1,N) 

PF I fT*, RS, RR, XS, XR, Xt1, RE, XCO, +x!B 

A=XR*XR 

N=R~tkRH 

C=XM*XM 

DD 2 K=1,N 

DO 5 1=1,.1 

DO 5 I~=1,+M 

0 



10 	FORMATG()X,'P I1 OI'Ef2ATING Fi EOIJE;NCY =',r8„3,5X,N12.8) 

Dn 5 

E=D*A+H 

F-InR=WSf.,(K)*XM*RR#FII~S(h)/F, 

FIQK=-%Sll(K) *XR*FIDR/RR 

T'=XM*FI~IS(I.,)*FIL)R 

TIa=FI(4S(1,)*FI(aS(L~)*(RS+RF+D*C*RR/E',) 

PnT*(E:(X)-WSI.,(()) 

EFF=Pfl/ (P(J+TTS ) 

SLIP=WSh(K)/WE(I) 

WRITE(3,*),T,FFF 

y~RITF(4,*),T,PO 

WRITE(5,*),T,SLIP 

5 	PRIi4T*,T,SI,IP,FIDF ,FIOR,TI,,PC),FFF 

CLOSE (IUNIT=3 ) 

CIhOSE(t hIT=4) 

CT,O,SE(UrJIT=5) 

CLOSE(UNIT=B) 

no 6T=i,,] 

Dn bL=1,M 

PRINT 14,WE(1),FIQS(Ia) 

PC) 6K=1,N 

I) WSI.,(K)*WSh(K) 

E I)*A+R 

FTDR=`r'Sh,(K)*XM*IIR*FIOS(h)/E 

T=X*I(~S (I) *FIDR 

VQS=(RS+i6E(I)*WSI,(K)*C*RR/E)*FIQS(L) 



i rUK CtlK'iKAfJ V,D OLL) /r.l 	lt5-AtJ(7-n4 	1';4v 	'At. 1-1 	103 

VDS-WE(I)*F'IQS(I+)*(-XS+C*D*XR/E) 

PFA=ATAN (-VDS/Vt)S ) 

PF=COS(FBFA) 

V=S(R7'(V(,)S*voS+VDS*V()S) 

V ft= (VQS+ (R F+XCO) * F I Q S (L) ) 

SLIP=WS1 (K)/WE(I) 

PRI T *,wSL(K),VOS,VU,S,PE',V,VR,RO,SIj1P 

WRITE (6,'~) , T, V 

WRITE(7,*),T,PF 

6 	CONTINUE 

CLOSE(UNIT=1) 

CT.,fSE(U NIT=6) 

CLOSE(t1+VIT=7) 

STOP 

END 

'RAMS CALLED 

ATAN 

i AND ARRAYS I "*" NO EXPLICIT DEFINITION - "%" NOT REFERENCED I 

 2 	*RF 	3 	*EFF 	4 	*'r 	5 
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*V 	161 

.50007 200 

.80004 205 

,50001 212 

*k2.4 	217 

,30013 367 

374 

*Vos 	401 

*4 162 

*VR 201 

206 

.50000 213 

*XM 220 

.50012 370 

'SXR 375 

RABIES 

)0 414 

I NO ERRORS DETECTED 7 



.r . , 	n ,.. t 7 	Wl c. 

APPENDIX- 1-ll 

, ryvf:. .. 

I~=1P(,ICIT CU1IPLEX(Y,Z) 

COMPLEX P 

C 
	

PRO(RAM FOR STABILITY ANAI1AS1S 

DIMENSION FR(4),U(90),V(10) 

QPEN(tJNIT=I,DEVICE:='I)SK',FlljE='SA1.DA`x' ) 

RF1\P(1,*),N,M 

REAP (l,' ),R;i,RP,XS,XR,XM,RF,XC(') , XF 

RFA!) (1 , *) , WH, F'KSI,, KSP 

REAI (1, ), (LICK),K=1,N) 

REAI~(1,*), (FR(i),I=l,M) 

READ(1,*),FS,FIQS 

REAP( 1,*) r (V(J),J=1,3) 

PRI;,iT*.IN,M 

PRI IIT*, RS, RR, XS, XR, XM, HF, XCf), XF 

PRIJ4T* , w8, FKSI,, KSP 

PE IfvT*, (i1 (K),K=1,t'') 

PRIrIT4, (1~'R(I),1 1,t4) 

11 Es It.T4, F'S, H'IQS 

PRINT*, (V(j),~I=.1,3) 

(;=FS*FS? XR*XR+RR*Rk 

FIDR=FS*X "M*RR*F1QS/C 

R=RS +KF +XCf7 

X=XS+XF -Xg*XM/XR 

RA=Xtl*RR/XR 

RP=RR*RIS/XR  

RC=2, *Rtl 



A=-RA*F,S+2.*XR*I''S*FKSI,*F 1DR-HA*E'KSL*FIoS 

p=FS*(1.-KSP*FKSL) ' 

PRIi!T*,G, IDR,R,X,RA,RR,RC,F',A,1) 

DO 5I` -1,A 

Vk(R+FR(I) *FSX4*XA*RF/G) *F'IQS 

3F'S +K*E'KSL,*PTOs+XM*E'R(I) *F'KSI*F 1DRVR*'KSL 

PRINT *,VRZ,B 

RO 5 j1,3 

OV(J) 

PRIIIT, (,1 

DO 5 K1, F1 

vi=(J(K) 

P=CN'pjjX(-(~,W) 

Z1=.2960462*P 

72=FS*FR (1) *XM+P*RA/ !P}+P*P*XM/F 

73=FS*FS*XR+RFS+P*RC/WB+P*P*XR/F 

Z4=FS*X*P/WB+B 

Z5=Xti*FIUR+FKSL*Z1 

Z6=A*XM*F'TOS-Z3*ZS 

Y2=-D*Z1*73+K5P*F5*Z6 

IF(tJ.E:iJ.0.) GO TO 10 

YI=Y2/P 

Y3=71*(Z2*A-73*Z4)+FS*XM*FTI:DR*Z6 

I)ENtl=RKAL(Y1)*AIMAG(Y2)-REAIi(Y2)*AIMAG(Y1) 

FNFPI1=REAL(Y2)*Ali(1A(G(Y3)-RF,AI , (Y3)*AI.MAG(Y2) 

FNEN2=RCAI4(Y3)*AIMAG(Y1)'~RFAL(Y1)*A74AG(Y3) 

IF(1)FtWEQ.O.4) GO TO 4 

FKC=F-i 1/DEN0 

FKC`!'=t'ivE NVDE NIO 

J 



r t)v I c.'%t 	v a at 	V4.i J i r\.' 	10 — AUto — ts4 	 ,L `l i~ 3 / 	t'f1VC. I -1 

T=FI'F; l2IF'NEN11, 

4 

	

	 P81MT *►FR(T)►W,FKC,FKC`i',Y1,Y2,13 

G0 T(.) 5 

10 	Y3=Z1*(Z2*A-Z3*?4)+FS*XM*F'II.)R*z6 

Y1.=Y2/P 

FKC---REAL (Y 3) /REAIj (Y 1) 

FKCT=-REAL(Y3)/REA1,(Y2) 

PRI!T *,FR(I),W,Z1,Z2,Z3,Z4,Z5,7o,YL Y2,Y3.,FKC,FKCT 

5 	C0NTTN0E 

CUQSE(UFIIT=1) 

STOP. 

F N I) 

RAMS CALLED 

AIMAG. 

Ai1) ARRAYS f "*" NO EXPI ICIP DEFINITION - "%" NOT REFERE CH';) I 

1 *13 2 FR 4 

13 *RF 14 * 15 

20 *Z6 21 * 23 

27 *Z5 30 *11 32 

50 *Z4 51 *KSP 53 

*I1 10 * 	JJ)N 12 

#T 16 *FKC`C 17 

*K 24 *Y2 25 

V 34 P 46 

54 *FIQS . 55 



63 *RC 64 ,SO004 b5 

70 ,50001 71 *XC(l 72 

75 *Z3 76 XS 100 

103 *Xi 104 l) 105 

241 ,SOU10 242 *FS 243 

247 *F 250 *RR 251 

*A 66 

*f'NE ia2 73 

X 101 

237 

*Z2 244 

*RA 252 

,S0003 67 

.80000 74 

*RS 102 

EKS1i 240 

#1 246 

*XE' 253 

F I E S, 

I NO ERRORS DETECTED ] 



F 	 j . ' \' . D 1 ( () 1 I ) / n 1. 	1 d — A t, l f - O 	 1 '[ r y' I 	 1 

APPEND) x lit 

I PhIC1'Y' CU"PlLCX(Z,C) 

►,J E: 'Srn 	,SL(1GG),' F'(4),U(100), 

OPF(l:.TT1,FILE='H.OA'i',f)FVICE'[)SK') 

1I-F. (i I ,r'=2,FILF'='H2.DAT'',CEVLCE='[),SK') 

M'  

('PE (J1=b,FtLE='H5.flA`r',DEVtCE'DSK') 

LP' (ii 1I~'=6FTf±:=tiT?.hA',nFb'l.CE 'I)S`) 

1IPF~'- ('u. T.'C=7, F IT F:='H7. DAT', r1 V ►CF:='DSK' ) 

0N' (() 'T'C'=8,FILF='H8.DA'I'',C)F:VTCF='DSh') 

RH:A'?C1,*),' 

RF:AJCi,*), C 	 C,11 ,,►.1, ; ", 1 

RCA ~Ci,*),F10S,FI1S 

kl:A')(1,*), (U() ,Ki, ) 

R~:A`-(1,*),PS,RR,XS,,4R,X ,RF XC(1h,XF 

RF:A;IC t ,T),1'0, 'I C, I', SP,F'KST,  

PPI T*, , r 

PkT.:T*,VlOS,FlDS 

PPI T*,CU(K),K=l,) 

PRT.n~T*,ks,RR,X5,XR,X,RF,XCn, gB,XF' 

PRI ';T*, To, FKC, T, KSP, FKSL 

AA=XR*XR 

h=RR*RR 

AC= X.1 * X 

PP141'*,AA,P,AC 



n'  

2 

CDO 5J-1, 

i)O 5 I=t, 

DSr,(T)# tSL(j) 

E=1)*Ap+fi 

F 	SI.,( T) X1'*RR*FI.QS/F, 

FIUR=- , L(I) *XR InK/RR 

VnS=(ItS+, (J)*WSr.,(I)*AC*RR/E)*FIQS 

VPS= .F,(,J) *FIGS*(-XS+AC*f)*XR/E) 

V=S')RT (VoS'*VQS+VDS*VDS ) 

TE=X;;*FTIo,S*FIDR 

FRZt,` *,''E;(J),vdS(,(I),FIDR,FIfR,V0S,VDS,V,TE 

ZA=F K5r,-Z,1#I:'KT*FIn 

Z=ZU*S.*r'ECU) 

YQR=X'1*FTQS+XR*E'ICQR 

YDR=X''*FIDS+XR*F It)R 

Y;)S=X *F'I S+X ;*F.[,)R 

YE)S=XS*FTi)S±X ;*E'ID(t 

Zi I=R,S+RF+XCU+Z* (XE'++XSS )+YO5*ZA+ZB-ZJ*y SE'*E'K1'*FJLJIR*ZEA 

Zit F(JJ)*XS+7.,J*FKT*FIQR*YnS+'l.JJ*CSP*FKT*FIQR*Zm 

Z13=Z*X'.. 

214= ::(J) *X ,•~-LJ F KT YD54eFloS-7,1*K,,iP*FK`C#F!(IS*ZH 

Z21= ^iE (J)'*XS-Y1~S*7,A 

Z22=RS+7,*XS-ZJ*FK T'* I(JR*Yt1,S 

223=- iF,(J)*X,,l 



ti. FJ: ': 	M'Ill i t,'a 	V.51.()21) 	/,\t 	10- \t.ic,-0Z 	lq;'iz 	'i 1x, 7-1 	 I I 

Z31=Z*X +Yi)k*EF KSI, 

Z 2=-Sf,(T)*Xv7 

33=RR+Z*XR 

Z34=sSI,(T)#XR 

Z41=—',,SL (.T.) *X—Y(1R*f CSI, 

Z42=7.*x , 

7413=— •.St (I) *XR 

A=2. / 35. *F'1c S#FKS11 

z1=—(+7#XF+RF+XCO)+2./35„+FTQS-A4 YDS—ZJ#12,/35.*712*F,roS+2./35. 

*(ViiS-7,3*6.*VDS) 

Z2=Ye,S*A-7.J*7,22*12. /~5. *FIos 

Z3=-Yr,R*,~-ZJ*Z32Y 12./35 • 4Ff (3 S 

Z5=Z 3—Z34*Z4/Z44 

751=7,31-734*Z41./Z44 

Z52=733—Z34 Z43/Z44 

Z(=11-Z.1 3 4 25/7,52—`14/Z44* (Z4-Z43*i5/Z52) 

Z53=Z11-7.1 347.51 /Z52+(Z43*Z51 /7,52—Z41) *Z14/Z44 

CI(iS=!6/753 

F 7 0'`,6=8-Pr((R."AL(CIS;S))$(kEAr(CTCIS))t(AIhiAG(CIQS)) 11I ~A(;(CT~tS)) 

CTI)r=7,J*12./35,#F T(OS 

FTI)Sr~.:rm((P .Ar (M'I'5)) (REAL(CIDS))+(AIA'IAG(CTC)S)) AI AC~(CTDS)) 

CI. 1 (l5—'S1 C'JS)/%52 

M','( (;Ai,(Cj *R))*(REAIS(CIQR))+(A1l:AG(CIQF) )*AI 'AC;(Ci R) ) 

CJ['F=(7. t —/,41 *C Ti S-7, E3*CIC)P)/Z4.4 



F J .c,4lMKT(FIDS6*V 1 DS6+F I(,564F'IOS6) 

F tkl h=.SOHT(F' DR6* Z„K6tFTt R61 TORb) 

CVOS=72I*CI )S+Z23*C. IU +?24*CZnR—Z2 

	

Vr 	T((RFAL(CVDS) )* (PEAL(CVI,S))+(e I1AG(CV1)S))*A('',4G(CVim) ) 

C - R=-70 4 FKT*(F IC!,S*(CInR-Z.J112./35.*K YU r)+ IOR#GIGS) 

IR6=SOPT((REAG(CWR)) '( EAL(COR))+(AT%AG(CIR))*AjrAG(CAR)) 

CTR=CJGS+2. /35. #F'IQS 

FTHh=S(T((REAI(CTR))*(RF.AT,(CIR))+(AIKAG(CIR))*AI,6AG(CI1) ) 

CSI -=-K,,P*Ctak 

F;I4f,=  SP' ((RFAL,(CS1R))*(RF:ALS(CSIR))+(AIMAG(CSIt~))*AI 9 AG(('SIR)) 

CVk=7r:* (-KSP*C4:R—CTR) 

VRb=Scat "((RF;AI (CVR))*(REAL,(CVR))±(AIMAG(CVR))IAIPAG(CVR) ) 

Cd'I=CVP—(Z XF+RF'+XCC.I)*CTR 

VT6=S0RT ((REAL(C'VI)) * CREAL (CVI:)) +(AINAG (CVI)) *AI+~IAG(CV I) ) 

C"aS=CVI+2,/35.*Vf)S—Z,)*12,/35.IVDS 

Vr?S6=EURT((REA1 (CVtsS))*(KLAL(CV')S))+(AWAG(CVts))FAIAAG(CVOS)) 

CTF=X,:*(FI(=S* (C1DI-7o*12./35.*FIQR)+FIDR*CICS) 

TF6=S~RT((REAf1(CTV))*(RF:Ar,(CT'E))+(ArMAG(CTE))*AIMAG(CTE) ) 

C St,=F KSI,TCIR 

ISLE OPT((REAL(CiSh))+(RKA6(CISL))+(AT IAG(CUSL))IA'IIAG(C+SL,)) 

C F=C P+C Sr, 

E6=,SORT((REAL(C~.'E)) * (RFAk(CWF))+(AIOA(;(C.lE))+AI AG(C) ) 

V6 50f?TCV(156*1055s V )S6*V056) 

PI I T*,FTS6,f'Tfl,S6,~~ T; 6,F'TOR6,F U)R6,f~ IRR6,F'1R6,FSIR6 

pRT, ; T;, vr;6, Vfa5b, VR6, VI6 , V5 

Plf ''r , fife/ i'.(a, ..S6,TF 6 

	

1 	rF (2, 	), r~F~,T L.fT 

T 'F.(3,*), rF, •R6 

rhT•'1 (4, V) ,TV Vf) 

I ,L 



H.F"ir. 	P 1W.'k1,a V.5P.(621) /KI 	1h—AUG-82 	1:4 2 	PilGe' 1-2 	 11 

ITI;(5,*),TE,F'ISE~ 

:ITE(6,#),TE,FIRKf 

RITF (7, *) ► TE,'qST,6 

^st2ITF;(8,#) ► TF,a,F'6 

5 	 C() TT, uVV 

C(i: ?(u I r=2) 

Cia')SF ('I I r=3) 

CJS: (U r`C—'4) 

C1ita,SE(ll,4IT=5) 

C1.4GL5E (U Vr=6 ) 

CLOSE (TJ LT=7 ) 

(.'.i3OSE(U ;TT S) 

STOP 

E't) 

)GRA;13 rALI Etl 

CN.PC,X. 	AIfAC;. 

dS AD ARRAYS l n*'1 1:0 E,XPLICT'f DEFT UTIOlN 	tflT RFFERCEO 1 

1 7, rt 2 *Z1 4 *Z12 6 1 10 

12 # 	r; 13 14 *Z51 15 *Clr)R 17 



32 

40 

50 

222 

231 

241 

247 

255 

267 

274 

304 

)0 313 

321 

332 

337 

511 

520, 

526 

534 

33 

*CV 3 	41 

51 

* R6  224 

*V  233 

*VSTRG 242 

#V6  250 

CT~+S 	261 

.Si 0 )5 270 

.StM')3 276 

)rZ53 	306 

*: E6 	314 

*Z3 	322 

#FIDS6 333 

#X~  341 

*Z43  512 

*XR  522 

*RP 	530 

*CTE  536 

* 'TR6 	:34 

*Z4.1 	43 

*VT6  53 

*F'I,IS6 225 

*TO  234 

F'TR6 243 

*Z42  251 

*TF ; 	263 

.SG004 271 

*z14  277 

*XCJ 	310 

*TE6 	315 

*CSIK  324 

FK'1 	334 

U  342 

*Z2 	514 

*V V;;6 	523 

YDR 	531 

*XF  540 

*7A 35 

*VI)S 45 

54 

*Z52 22.E 

*Z24 235 

*t 244 

*FIQS 253 

.50006 264 

VQS6 272 

*LTJ 301 

.50001 311, 

#r'IOR 316 

*CTOR 326 

*AA 335 

#N'1Rlt6 506 

1 516 

#FIDS 524 

*V S 532 

*YDS 	37 

*Z34 	46 

*Z5 220 

*AC 230 

237 

*Z4 245 

*j 254 

*CIR 265 

*A 273 

.S0002 303 

*YQR 312 

*C ,Si, 317 

*Z32 330 

4,RS 336 

*Z11 507 

4Fii)ti6 517 

4YOS 525 

*jj3[16 533 

AR1F;S 

0 541 

I NO ERRORS DETECTED ) 



DI1.rUK I UKIK 1f' V,:)AL0LL) in.,. 	A?i-AUt,- 4 	 i'*; .9 	rAt; L  

APPENDIX - 

	

C 	PRO RAM FOR TRA, S1Er;T ANI ALASIS 

Qp1'!((h'dT=.j,1)EV.LCE='t)SK',RJ1 E='ATI.[)AT' ) 

	

C 
	

OPEO(UNIT=Z,UF,VICE='DSK',FTbE='A:f2.DAT' ) 

	

C 
	

UPElq ( Ube lT=3, DKV LCW'=' DSK' , Fl l jE=' A C3.0A`r' ) 

	

C 
	

OPE,dCUt TT=4,[)EVICr:'DSr',FZLE='A'T4.i)AT' ) 

RFAO (1 , *) , RS, RR, XS, XR, XM, RF, XCO, XF 

REAL)(1,*),KSP,FKS14 1 TO,TLO,WB 

RKAf)(1,*),FIoSO,WSL,WE:,WRO 

1EAfy(1, ),SWI,SFIR0,FIMAX,TI 

REAf)(1,*),FKC,T,G 

PRINT *,RS,9R,XS,XR,XM, RF, XCO,XF 

PRINT ,KSP,FKSI1,TQ,TI,O,Wfi 

PRINT *, Fl0S0, WS1,, WE, wR0 

PRIFT *,SWR,SF1HO,FIMAX,TT 

PRIi`1T*,F'KC,'T,G 

R=RS+RF+XC() 

X=XS+XF 

1;=WSL SL,*XP*XR+HR*RR 

FRO=-4~Sl,*WSL*XM*XR*FI050/D 

FIDR0=►v St,*X~-1*RR'~E IQSO/D 

VASO=(KS+€,15f. *V'E' XM*XM*RP/fl)*F.i: so 

VRO=VUSO+(RF+XCO)*FI(SO 

T1 :=XM*FIDR0* `IQS0 

PRI irT*, FIQSO, FIORD, FIDRO, :1R0, VRO, JSt„ v. E, TE 

K=1  r 

'TIME =0,0 



U2C=0. U 

03U=U.O 

(a40=C.0 

050=0.0 

KK=O 

c STEP-1 

10 A=i./(X$XR—Xl *XM) 

C wRITF:(3,*),T.bmE,1'0S0 

G wRIPE(2,*),TI;E,hRO 

C 4RITE(4,*),TImE,TE 

IF(SwR.GE;.ViN0) 	GO 	TO 	11 

wSL=-FIccSO*F'KSL 

GO TO 	12 

11 1~SJ,=+F'I(~SO*FKSI, 

12  

TL TLO+G*r~RO*tjRO 

IF(RO.ux.O.0) TL=-TL 

F1=r~*(-R*XF *N'.I:CQSO+X'1*RR*F TORO+XR.*Vf O—XM*XR*(wE-wSL) E'11)RO) 

f' 2=A', 	 (►VE*X11*X11—tiSL*XR)~X) *F. l:f)RO ) 

F31./XR#(wSLx~"*F"1ca,SC~+fsJ.xR*F Ie~KU~kft*FIraKa) 

F"4=1./TCU*(X9*F'IGSO*N'1nRU_(TL) ) 

FK10=TI*r:1 

I~11.=.5*FKIO—u10 

FIG Sj=F'I0SQ+R11 

011=010+3.*R11.—.5*FK10 

F K20=T I *F'2 

K21=.S4I'K2C-(420 

FL0PI=F IGRU+I 21 

021=ia20+3,4,821—.5*FK2U 

116 



nx,.. 	a a.run r $4, 1r.PI. ..,1 	.' L 	/ 	i,., 	ar,— nv" 	,~ 	 a 	f n ''L 	,~ d, 

• V V 

05j 

D59U 1 l 

06U00 

D6100 

)6270 

)6300 

)6400 

)6500 

)6600 

)6700 

)6U) 3 

)6900 

7000, 2 

!7100 

17200 

300 

17400 

p7500 	C 

7(, 03 

, 7700 

7900 

7900 

6000 	13 

810(i 	14 

820i)  

EK3r=T1*F'3 

R31=.5*VK30—O30 

F'IDP1=FIDK0+R31 

~d31=O30+3. *R31—.5*FK30 

FK40=TZ*-F'4 

R41=,5*FK40-040 

i~R1-WRO+K41 

041=040+3.*R41—.5*FK4U 

SIR=SF IR0+KSP*AhS (SR0) 

D SIR =-KSPIFF, 4 

IF( IR-FIr4AX) 2, 3, 3 

SIR=FIIMAX 

DSIR=0. D 

DVR: FKC/di3* (SIP—FIU,S0)+FK.0*T* (MSIR-F1) 

FK5u=TI*DVR 

R51=.5*FK50-050 

VR1=VR0+R51 

051=u50+3.*k51-.5*FK50 

STEP-2 

B=(1.-1./S(~RT(2.)) 

IF(SWR.GE,WRl) GO TO 13 

WSI =—FIUS1*F'KSL 

G(1 TO 14 

'ASI.,=+Ftr)S1*FKS[, 

AVE:=VR1+r4Si, 

tr,='rf,0+„*IAR1* „IR1 



08400 	 F1=A*( 	 (wE-v:51,)* IPR1) 

085()U 	 F'2=A*(R*X;t*FIt7S1*X*Flier"XtaR1-X,:i*VRI+(wE*XM*X~•t-v~Sta*XR*X)*F'InRI) 

08600 	 F'3=1./XR*(4SI.,*Xtt*F'L(IS1+ ,•SSI,*XR*F1t1RI-RR*F DRW 

08700 	 F4=1./T.)*(XM*FIUS1*F IDKi,-(T!a) ) 

0800 	 FK11=TI*F1 

08900 	 R12=(F'KL1-o11)*t3 

0900J 	 F1G62=FI.taS1+R12 

D9100 	o12=011+3.*R12-8*FK11 

)92t;J 	 FK71=TI*F2 

D9300 	k22=(FK21-Q21)*P 

D 4uC FJ(.~N2=FIQR1+R22 

)950o (22:Q21+3.*R22.-H*FK21 

)9600 FK31=T.G*F3 

)9700 R32=(FK31-Q31)*B 

)9800 F1Dk2=r 1081+R32 

)990v Q32=031+3.*R32-F~*FK31 

0O0 F'K41=1'I*F4 

10100 R42=(F'K41-O41) *B 

20& wR2=AR1+R42 

iO3uG O42=(441+3.*R42-h*F'K41 

60400 SiR=SF'IRO+KSI'*At S(St:R-4R1.) 

i050U DSIR=-KSP*F4 

(0(300 1F(SIR-FX'lAX)4,5,5 

X0700 	5 SIRF1l"AX 

160800 DSIR=0,0 

0903 	4 DVR-FKC/~vrh*(SIR-FI(0S1)+FKC*'T*(DS1_R-F'1) 

11000 FK51=TI*F VR 

11o0 k52=(FK51-1051)*Ii 

,1206 Vk2=VR1+R52 



W'.! 	ol i.çuic YIIKI~'f i v, .'.1 /IBX 	ioo — Mvu — OL 	 .Lt.' 	CNVr• t"L 

11.340 052=051+3.*R52-R*FK51 

L14U0 	C STFIP-3 

11500 C_1.+1,/S~IRT(2.) 

i1600 II (S,iR.GF.wdR2) 	GO 	TQ 	15 

11700  

11800 GO TO lb 

1900 	15  

00Q 	16 4u~:-ojR2+rrS[a 

1210 T1,=`1.'1,0+G*WR2WR2 

22ou IF' ( iIR2,1,,T.0. 0) 	Tia=-TJ 	' 

Z 23o 4 F1=A*(-R*XR*FZca,52+XM*RR* 'xtJR2+Xtt*VR2—XM*X~t*(wF-%IS1,)#FID82) 

£24)) F2=A* (R*Xe.[*FIOS2-X* 	R*FIOR2-Xtt*VR24 (*Xf *Xtl-wSla*XR*X) *F'11)R2 ) 

125 ~?0 i31,./X*  

L2600 F 	=1./T~~ 	(Xtt*FTtaS2*F'zi~tZ2-(TI,)) 

,27ou FK.12='I'I*F1 

`28 00 R13=C#(F'K12-012) 

v F'JQS3=FIQS2+R13 

L3OOy (a13=012+3.*It13-C*t K12 

t31~aC FIy22=TI*F'2 

132t)U R23=C*(FK22-c~22) 

03ou F1!)R3=EiQt~2+R2i 

O23=o22+3. *R23-C*r K22 

1350) FK32=TX*P3 

.30cio R33=C*(FK32-t)32) 

37uo F TiDK3=FTDR2+133 

43aoj ()33=(032+3.*R33-C*FK32  - 

Z0l, r u .1,—n. ,e, 



,.40i)o  

141Uu t~K3=.iK2+RA3 

2420G (a43=W42+3.*R43-C*FK42 

A430U SIk=SF IR0+KSP*AE3S(SdH-4R2) 

144Uu C)SZF=-h~P~F 4 

a4S0u 1F(SIFt-FIMAX)6,7,7 

146u0 7 SIIt=FIIAX 

i470 DSIR=0,0 

24Soo 6 DVR=FKC/U* (SIR-F10S2)+FKC*T*(DSIR-F1) 

14900 FK52=T'1*OVR 

15000 r R53=C'k(F'K52-C52) 

fi510 VR3=VR2+R53 

L5200 053=052+3.*R53-C*FK52 

1530 C STEP-4 

154u IF(5dR .GF.wR3) 	GO TO 	19 

15500 wS1,=-F'I0834(FKS1, 

15600 GO TO 20 

15700 19 WSt,=±F'IC~,S3*FKSL 

~R+~U 20 WFR3+N4SI 

159oC TL,='1'1,0+G*VLR3*rvR3 

L6000 IF(WR314'r.O.0) 	TG=-TL 

16100 F 1=A* (-C7*XR*FT.c)S3+XM*CtR*FIClR3+Xil*VR3-XM*XK* (wF-wS1a) *FIC)R3 ) 

1620,) F2=A4(R#Xt1*FJ(~S3-X*RR*F'IOR3—XPt+VR3+(Y~~'4XM*X~t-W,5),j*XR*X)*F'IDR3) 

i6304 F3=1./XR*(W,S1a*XMM*FIOS3+WSJ.,*XR*FI(0R3-RR*F IDR3) 

L6400 F4=:1./TQ*(X~.4*FIOS3*FIC,R3-(T14)) 

,6500 FK13=TIF1 

L6600 R14=,J.bb67*(F'K13-2.*Q13) 

16700 . FIUS4=F.tt s3+R14 

16 8 00 014=()13+3.*k14-.5*FK13 



16900 FK23=7.'z*F'2 

t700 R24=.1bbb7*(F'K23-2.*(J23) 

,71.S~G FI(4R4Ik3+R24 

17200 024=02 3+ 3, *R24-.5*VK23 

17300 EK33=TI*F 3 

17400 R34=.16667* (FK33-2. *Q33 ) 

L7500 FIDR4=H'1i7R3+R34 

47b0U Q34=Q33+3.*R34-.5*} K33 

L77v0 FK43='I'I*F4 

17800 R44=.t6h67*(F'K43-2.*Q43) 

17900 %R4=WR3+R44 

18 000 O44=043+3. *1 44-.5*F K43 

181.0+1 MSIR=SF'I RO+K,5P*ASS (SsiR-WR3 ) 

X8200 1)SIR=-KSP?*F 4 

l33M IF'(SII,-F'1t, 	X)R,9,9 

84(00 	9 ,SIR=FIVAX 

M5OO DSIR=J.o 

1,8600 	8 DVR=FKC/ 4f *(,SIR-FIQ,53)+F'KC*T*(l)5IR-F I) 

.8700 FK53=TI*DVR 

8800 R54=,16667*(FK53-2.*153) 

,8906 VR4=VR3+R54 

900,) 054=Q53+3.*R54-.5*F'K53 

97 OV TF=xM*E I;(4S4*F'IDR4 
L 

•9200 TT?lK=K*TIS 31 4, 

,93CO IF'(KK.I,T.10) 	GO 	TO 	50 

,94(,C PRIiktT*,F'((454,F'IUR4,FIi)R4 $ ioR4,VR4pWSJ„r~F:,TF.SIRpO,SIH 	"TZMF. 

IL 



j96O0 Gfl 	rn 	b 

w97ou  50 KK=KK+1 

19 3 O~) 	60 FT0SO=FIOS4 

I99oo FTOR0=FIR4 

20001': FIDR0=FI1R4 

20100 wRu-tJR4 

20200 VRO=VR4 

20300 ()].0=Q14 

20400 020=024 

20500 Q30=034 

206CID 0.40=044 

20700 O50=054 

20804 K=K+l 

20900 XF(K.bE.2200)  GO TO  10 

21000 CLOSF;(1)1;ZT=1) 

21100 CLOSE(UNIT=2) 

21200 CLQSF,(u`tT=3) 

2122k CLOSE(ur!ITr=4) 

V300 - 	STOP 

214(x0 F,lvD 

5t)f3PRQGRAMS CALLED 

SORT. 

4BS. 



SCALARS A\ U) AkRAYS ( "*" 140 EXPLICIT DF:F'I IT1oN - "%" NOT REFEREt~CF'i> 1 

KVRQ 	1 

KWF3 	6 

K 'K42 	13 

FVR4 	20 

Ofu31 	25 

KQ23 	32 

KFI0R2 37 

Kwsij 	44 

KR14 	51 

KFK23 56 

KFK11 	63 

K~'I0S0 70 

KR11 	75 

kF, 

 

102 

KG 	107 

'1) 	114 

'XCI) 	121 

IQ21 	126 

'FK21 	133 

140 

032 	145 

:R51 	152 

~VR3 	157 

nAI 

 

1A 

*FIPRO 2 

*RF 	7 

*F10S2 14 

*012. 	21 

*R24 	26  

33 

*H 	40 

*I'G 	45 

*E'4 	52 

*02U 	57 

*mC4 	64 

*031 	71 

*vOs0 76 

*R43 	103 

*KK 	110 

*I42 	115 

*k54 	122 

*vl+RO 	127 

*F2 	134 

*TIE 	141 

146 

*R44 	153 

*F'K20 	160 

*FKC 	3 

*FIOR3 10 

*SIR 	15 

*FK3() 	22 

*K 	27 

*FIDR4 34 

*FK12 	41 

*Q41 	46 

*R53 	53 

*Q13 	60 

*R32 	65 

*SSFIRO 72 

*F'1i•1AX 77 

*FK51 	104 

*Vk2 	11i 

A 	11.6 

*F II),R2 	123 

*014 	130 

*XS 	135 

*RS 	142 

►212 	147 

*['K32 	154 

*0l l 	161 

*040 	4 

*R13 	11 

16 

*051 	23 

*Q30 	30 

*R42 	35 

*VRA. 	42 

*o34 	47 

DSIR 54 

*FK40 61 

*F'IEfl3 66 

*024 	73 

*KSP 	100 

*F'K22 	105 

*FK10 	112 

*R22 	117 

*FIORO 124 

*FK50 	131 

*R33 	136 

*TLO 	143 

*R 	150 

*FIDR1 155 

*u50 	162 

*33 	5 

*R52 	12 

*f'K13 	17 

#044 	24 

*FK53 	31 

*FK41 	36 

*FIQSI 43 

*R21 	50 

4FK52 55 

*052 	62 

*FIQR1 67 

1~WR3 	74 

4r'3 	101 

*TE 	106 

*010 	113 

'FSwR 	120 

*pK33 	125 

*053 	132 

4F10S4 137 

*X11 	144 

* KSf 	151 

11 	156 

*F1OR4 163 



111 	#I)vH 	172 	 173 	'*FK43 	174 	fca22 	175 

Ri 	176 	*054 	177 	*FK31 	200 	*R41 	201 	*R34 	202 

F 	203 

iPUKARIES 
G 

:N, 	( Nc) ERRORS DETECTED I 
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