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ABSTRACT

This dissertation concerns an induction motor
drivé fed from a constant curreat source realized vy a
3¢'fu11 controlled rectifier feeding a 3¢ inverfer. It
describes'thg analytical and experimental studies of the
drive in the steady--state operating condition.

12
The work in the begi%}ng,desoribes the progress !

made in‘the field of current source inverter fed indﬁction
motor drives so far, The various configurations of current-
source inverter are discussed in Chapter I1 alongwith

the current source inverter operation in auto-sequential

mode,

The requirement of firing pulses for auto-segue-
atial current source inverter'@§§§ discussed in Chapter ITT.
In this chapter a suitable firing circuit which fulfills
the above requiremeat is also developed. The design of
the different blocks of firing circuit is given and oscill-
ograms of firing circuit are discussed, The guide lines
for the selection of various components of the drive are
presented in Chapter 1V,

) 1
In Chapter V, the system equations in égncordia’s

per unit system are developed and a suitable mathematical
model is formulated for steady-state analysis of the drive.

Chapter VI deals with the steady-state analysis of the
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drive, The system equations are written for steady-state
operation and solved with the hélp of computer to obtain
thé steady-state performance of the drive with slip as

independent parameter at different p.u. operating frequ-
encies and d.c, link currents; Resﬁlts of this analysis

are plotted and discussed,

The results of experimental investigation of
the fabricated system are presented in Chapter VII,
These incorporate the experimental observations and
oscillograms of current source inverter at resistive and
induction motor load. The observations at induction
motor load are obtained at different operating frequencies

and d.c. link currants.

The experimental oscillograms incorporate the
oscillograms of line voltage, line currant and of voltage

drop at different points of inverter circuit,

The oscillograms of line voltage and line
current are compared with the ideal one and causes of
discrepancies between the two are discussed, The effect
of change of load and operating frequency on voltage and
current waveforms is also shown with the help of oscillo-

grams and discussed,
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CHAPTER I

INTRODUCTION

1.1, LITERATURE REVIEW

The aggregate of electric motor, the energy

transmitting shaft and the control eguipment by which the

motor characteristics are adjusted and their operating

conditions with respect to mechanical load varied to suit

particular requirements, is called an electric drive, The

drive together with the load constitutes the drive system.

A
From the very begining, d.c, motors have been
4

considered workhorses in industry for variable speed appli-

cations., Though the control principle and the converter

equipment are somewhat simple, the”qﬂc. machine has the

following drawbacks [17]:

(i)

(ii)
(1ii)

(iv)

increased cost for KVA and decreased power/weight
ratio as compared to their a,c, counterpart

due to commutator,
accentuated sparking at high currents and speeds,
limited armature voltage rating,

limited armature current rating due to commutation

problem,

unsuitable to operate in dusty and explosive

enviromment and require frequent maintenance,
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The above deficiencies obviously cannot be
tolerated in many industrial applications. A suggested
alternative is to use a cage induction motor, operating
at variable frequency and supplied from a static frequency
converter, , The use of ‘a cage induction motor has the

following advantages:

(1) Its construction is simple and robust

(i1) Comparatively less cost per KVA as compared to

- d.c, counterpart

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

d.c, motor

Although the cage induction motor has the above
advaﬁtages, the cost of control equipment is considerably
higher and the control techniques are very complex, The
research and develoﬁment efforts in a ¢. drives technélogy
has been focused recently on solving the above problems,

As a result of availability of improved voltage and currant
rating thyristors and the trend of their wrices to come
down day by day in the rescent years, people have shown
considerable interest in variable speed induction motor
drives and in the recent years, many new techniques, suit-

able for speed control of induction motor have been developed.

The basic well known techniques through which
efforts are made to obtain a suitable variable speed

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

(c) Stator voltage control

(d) Rotor impedance dontrol

Among all the above control techniques only

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

At steady»state, an induction motor may be
characterised by a transformer equivalent circuit and the

following approximate performance expressions can be derived.

I.~1 »~ (Vs/we);_)ﬂ 1/2 | .
S = "= ‘r2 2
R ("{r. 4 wlell") 000(101)
Here mslt“ 8 Wy
p .2 (s 2 gy R, | |
Kr T 0y Llr .. (1.2)
)
Po~ 3 IZR_ ( & _ 1) ... (1.3)
b r T )
sl :
V_ '
4 o~ K B :
Yg =0 cea(1.8)

Where all the svmbols are in standard notation,

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

v R

T 2 ’
L~ 3P s T I
T ° T T

s % | (RP + W5 Lir) L5



The various speed control techniques are now

reviewed in brief.

Stator voltage control technique provide a
simple and economical method of speed coatrol of cage type
induction motors. The drive system characteristics are shown
in Fig. (1.1) with variable stator voltage but at constant
supply frequency along with a load torque cur&e of a pump
or blower type 1oad; The metor with high rotor resistance
is normally used in‘this method of speed control, which

correspondingly, causes higher copper loss in the machine.

This may be expanded as below [5]. Assuming
sinusoidally varying quantities, the average torque produced

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

12 7
T _ r _
M - S -ct(106>
where Ty, is the motor developed torque.

Neglecting the magnetising current associated
with the stator winding, the input current (IS) is propor-
tional to the rotor current, Consgideration of how the rotor
current varies with slip will therefore indicate how the
rotor and stator 12R losses may vary,

° R
g ST .
].\(I S '.'(107)

Considering a fan load, the load torque will be

proportional to the square of the motor speed, This
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Fig.1.1_ Variable voltage torque - speed curves .
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proportionality gives,
) o 2 2
T1, @ (rotor speed)® ¢ (1 - s) ... (1.8)

where T; is the load torque.

Now at the steady operating condition the motor
and load torques will be equal. Therefore combining the

equations (1.7) and (1.8) we get,

SR, | | ... (1.9)

The equation (1.9) points at the following two

conclusions:

(1) Th

[¢V]

input current increases as speed is reduced

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

(ii) The input current is inversely proportional to

{rotor resistance)l/2 ies I @ I

/R,

1
4

Fig, (1.2) has been drawn to illustrate the
incfease to be expected in the input currents of fan motors
controlled by varying the supply voltage. Using the curve
in fig. (1.2), it is sesn, for example, that a motor with
a normal full loadd slip of 12 percent will have a maximum
input current about 25 pcrcent greater than the normal
full load current. It can also be noted that rotor and

statcr losses will increase by about 56 percent.
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Fig.£3_Relating motor full load slip to peak line
current for fair load .
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The conclusions to be drawn from the foregoing
theory can be summarized as follows, If the rotor resistance
is low and motor full load slip is also low, then heating
problems of the stator winding may be expected as the
speed is reduced because of the large increase of input
current, The best practical solution to this problem is to

use the machines with high resistance rotors,

One of the methods to accomplish above said type
of control is the variable‘voltage control by thyristors
[2, 3] used for sybsynchronous spead control, In this
scheme, normally one pair of SCRg connected in inverse
parallel are inserted in each of the three phases of stator
winding and the effective voltage delivered td the motor
can be varied from zero to fgll supply voltage by contr-
0lling the conduction periods of the SCRs., The motor is
subjected to a chopped sine-wave voltage and the supply
currents also have a high harmonic current, but satisfac-
tory operation has been achieved with small and medium
sized induction motors up to 100 h.p., or more., Stator
voltage contrel is éheaper to install but operating efficiency
is poor, and de-rating is necessary at low speeds to avoid
over heating due to excessive current and reduced venftil-
ation, Thercfore this technique is normélly used for
fractional horsepower drives, and also for a,c. - powercd
cranes and hoists where large torque at high slip is

only demanded for intermittent portions of the duty cycle,



s 7 s

The most versatile method giving efficient wide-
range speed control is the variable frequency control of
induction motor [2, 11], The variable frequency supply

alters the synchronous speed of the induction motor,

Induction motors used in the static variable
frequency drive systems have the operating characteristics
and features which mect the requirements of modern variable
speed drive systems, Some of these are the capability of
opération at very high and low speedsy at high torque and
overloads, in a constant powér or tordue mode, and in the

negative torque regicn for dynamic braking.

‘The variable frequency operation of an induction
motor is obtained by the use of frequency converter. A
frequency converter is a device that can convert the input
supply to an a.c, supply of variable frequency and variable
voltage, The rotating type of frequency converters wefe
used previously but now they are -bsolete and are replaced

by the solid-state freqpency converters,
The static frequency converters are divided
into two categoriess:
(i) Cyclo converters
(ii) D.C, link converfers

A cyclo converter converts a.c. supply of fixed

frequency to a lower output frequency through a one step
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conversion prccess. It can bevprOgrammed to generate
variable voltage, variable frequency power to drive an
induction motor, The output frequency range is limited

to one third of tHe supply frequency and therefore the
drives employing oyClQ«converters are suitable only for
operaticn at low frequency. The output voltage of cyclo-
converter contains complex harmonic patterns. However cne
advantage of cyclo-converter drive is that regenefatiOn

is dmple and the system can be easilyvdesigned for four-
vadrant operation. The cyclo--converter drives are normally
used in very large power applications. The cost and
domplexity of power and contrel circuits make them uncomp-

etitive with other classes of drives in general applications.

A d.c. link converter is a two stage conversion
drvice in which power frém 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
emaploying thyristors requifes additional commutation circuits
and is, therefore, complicated, Also for regeneration
capability, it requires additional circuits and hence, the

cost and complaxity are increased,

In general for wide range speed control where
regenerative braking is not essential a d.c. link conver-

ter fed inducticn motor is the best choice.
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If the stators supplv frequency is increased to
increase speed of the machine, the airgap flux is reduced
which correspondingly reduces the developed torque of the
machine, If speed control is desired with full torque capab-
ility, the rated airgap flux must be maintained (as in a d.c.
shunt motor), i.e., the supply voltage éh0uld increase propo-
rtional to the frequency. An advantage in rated airgap flux
mode of speed control is that the tor@ue sensitivity per ampere
of current is maximum which permits fast transient response

)
of the system. The torque-speed curves of induction motor with
variable voltage, variable frequencies are shown in Fig, (1.3).
The motor used in this type of drive has low slip character-
istic which results in improved efficiency, Below the base
speed (1.0 P.U,) the region is defined as coastant torque
region, whére rated sirgap flux is maintained by a COnStant
volts/hertz ratio resulting in coanstant pull out torque
capability. At very low frequency, the stator resistance
dominates over the leakage reactance; and therefore, additional
voltage is impressed Co maintain the flux. At base speed,
the fyll motor voltage is applied, and beyond this vpoint, as
frequency is increased,-the torque diminishes due to loss of
the aigrap flux, In this region the machine is said to

operate in constant power mode,

Thus a contrel scheme in which the rotor slip
frequency is directly controlled while maintaining the
constant air-gap flux, the drive can exhibit a precise

control and adjustment of torque at aay speed. In a
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Fig.1.3. Torque - speed curves of induction motor
with variable-voltage variable frequency
supply.



closed loo0p system in which rotor slip'frequency air-gap
flux and stator current are held constant the drive develops
a constant torque at all motor speeds .2, 11). Thus with

a control stfategy in which the stator current as well as
rotor frequeﬁcy are controlled in order to maintain the
air-gap flux constant, high torque can be obtained through--

out the entire range of speed control,

Nearly all static a,c, drives built today can
be Jescribed as voltage source converters, since the output
terminal voltage is essentially independent of current,
Recently, however, the useful features of inverters in which
the current rather than voltage appears essentially as the
independent variable have been recognized, In case of
voltage source converters, @é set the voltage and freguency
which is applied to the motof. The motor is then frée to
respond within its speed/torque parameters as the application
dictates, Unusual load variations can, and coften do,
push the motor to its breakdown point or cause regeneration
to occur in the ccnverter by overhauling the motor. In
either case, an untime*y-shutwdown or damage to the motor
or converter results, In this respect current source
converter appears to have inherent advantages. These

advantages are [18, 32],
(1) Converter grade 9,C,Rs can be used,

AEED) Inverter can recover from a direct short circuit

across any two of its output terminals,



(v)

(vi)

‘/(Vii)

(viii)

The inverter can alsc recover from occasional

commutation failure,

Any fault on the inverter side causes slow rise
of fault current which can be cleared by suppre-

ssing rectificr gates,

The ability of the drive to continue to operate
in spite of the aforementioned conditions in many
cases allows the operator to repair a component

failure in the unit at some later, more conven-

ient time.

The commutation capability of the inverter is

load current dependent.

The inverter-ccnverter arrangement is capable

of power regensration.

The countrol circuit is simpler and more reliable,

In spite of several merits as mentioned aobve,

the current fed inverter drive has also several limitations,

These limitations are,

\(i)

(ii)

The frequency range of the inverter is somewhat

Jower,

It is difficult to operate at no load since

the commutation capability is load current

dependent,

“



(iii) The large size of the d.c. link inductor and
the commutation capacitors make the inverter

somewhat bulky aad expensive.,

(iv) The commutaticn is dependent on machine sub-—
transient reactance which adds large transiont
over--voltage at thoe machine terminal,

{v) The response of the CSI fed drive is scmewhat

sluggich and tends to give & stability problem

4

at the light load high specd conditions.

The current-source-invertors are used in single
motor drives in medium to high horse power range. Although
the multimotor operation is somewhat difficult, receatly

it is receiving considerable attention,

The current-scurce inverter was first introduces
round about 1964132}, and ds shown in Fig. (1.4), is a D.C,
link system. Thenafterwards in 1972, Phillips, fdr the
first time described in his paper ;21}, a combinaticn of ’
ﬁower and_oontrbl technigques for current fed induction motor
drive which achieve a,c, drive features nct available unx,llﬂW
then, The curreant scurce invVerter described in his paper
is slip regulated for both speed and torque control, He
has shown that the current source/slip regulated inverter

(C8/5R) concept controls operation ¢f the a.c. motor at

')

its optimum torque/ampere rating point while maintaining
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and enhancing its rugged simplicity to achieve torque

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

In 1973, Farrer and Miskin [&] showed that if
a cage induction motor is fed with a quasi-square sine-wave
current, the motor terminal voltage is approximitely
sinousoidal uhder‘normal operating conditions., A simple
analytical approach based on the assumpticn that the motor
resistances and reactances do not change with frequency,
is also shoWn_to describe adequately the terminal voltage.
They have alsé discussed the numerous advantages of current-

source-iaverter over the veltage-source-inverter,

State variable steady--state analvsis cf contro-
1lled current iaduction motor drive was first attempted by Lipo
and Cornell is 1975 [14]. They derived the exact eduntions
lefining steady-state operation of a cuntrolled current
induction motor drive system by solving the system state
equations in the stationary reference frame, They included
the effects ¢f saturaticn in the analvsis by using the slonpe
ratio method. They computed the electromagnetic torque
and current pulsati;ns for various load conditions and
varified them experimentelly, Thev have also discuséeg the
similarties and differences between the torque slip char-
acteristic of current and voltage source inverters. They
“have shown that normal open loop operaticn occurss on the
unstable side of the torgue slip characteristic, if motor
is to remain unsaturated. This necessiates the use of feed

back control for stable oporation,



After Lipo and Cormell have shown that Opén

1oop operatioa of current-source-inverter fed induction motor
is not preferred Nelscn and Radomski attemnted a simple
closed loop sﬂééme in the same year (18], Their control
scheme uses two feedback loops to control motor slip frequ-
ency and torque, First loop krnown as slip control loop
measures rotor speed, adds in slin freguency and provides the
iaverter with tho correct svnchronous frequency tovmaintain
constant slip. This loop enables the motor to oparate at
constant povier factor over whatever load range is Jlesired,
The seconid loop known as torque coatrol loop monitors curreat
in the d.c, link, compaces it to a reference input, and
controls the rectifier bridge to maintain constent current,
Since motor torgue is pbOportiOnal to current squared, this
loop effectively regulates mctor torque which is determined
by the reference input, The above control scheme was
simulated on an analog couputer and simultineously a 100 H.P,
system was built and tested in the 1aborafory. Jua to the
xcellent agresment between computer and laboratory results
the above paper demonstrates computer simulation as an
effective method for designing current-gource inverter

fed induction motor drives,

In 1977, Revankar and Bashir [22] deiscussed

f‘. -

the effect of commutating capacitor feéz>ﬁnduotance and
the induction motor parameteirs on the current.-source

inverter operation and presented the guide lines fo-r



suitable choice of components, They have also given the

monograms to evaluate the component ratings.

In the same year Cormell and Lipo [4] presented
a paper in which they emphasised on the modelling and design
of CSI fed induction motor drives. They have shown that
open loop operation is unstable for most operating condit--
ions, and control loops must be added to realize feasible
operating points, Thew have verified the results obtain:zd

by Nelson and ladomski 17} that indepcndent current
magnitude and slip frequency control is capable of stabili-
zing the drive system for all operating points in the motor-

]
ing and regenerafing modes of operation, Thev ha&e developed
a dvnamic model for current-controlled induction motor '
drives, and a transfer fMHCtion approach to the transient
responsz investigation is formulated by means of d-q
variables ia the synchronously rotating reference frame.
They have also presented an analytical design technique for
finding the transfer function between a specific input
command and & controlled outnut variable hased on small
signal linearization. The frequency response corresponding
to the aprropriate transfer function is compared to the
actual freguency -response meugurad on a laboratory bread.-
board and also on a hybrid computer simulation of the
svstem, The results demonstrate that transfeir function
techniques can be reliably used L0 synthesize the necessary

slip frequency/current and speed control strategies.



In the schemes, system slip-frequency is forced to respond.
to changes in current magnitude in order to maintain
constant flux in the air gap during both steady~state

and transient conditions. The two principle advantage of
this constraint are that motor performance is optimized
and operation in the saturated rectifier voltage condition

is possible (rectifier full on) because the slip frequency

channel coupled 50 d.c, link current provides a stabilizing

nechanism for the svstem.

In 1979, Lino developed a novel simulation of
a current-source--inverter [15} which retains the effects of
commutation but minimizes the number of analog computer
componants, He has also compaced the simulation traces

with tested results on actual systems,

In 1380, Yuvrajan developed in his pdper [33]
a mathematical model of 3¢ induction motor fed from a CST
using the actual phase variables of the machine on a
digital computer, Using the simulction, the performance
0f the inverter und the iaduction motor are obtained.
Simulation is also extended to the closed loop control
of induction motor and the effect of variation of parameters
such as the slip, frequency on the transient performance
of the drive is studied. Waveforms of the voltage, current
torque and also waveforms Across different components

of the deive are given as obtained from the computer,



The results of the conventional analysis of
the steady-state operation of an a.c, drive using a current:-
source ianverter and a cage I,M. (When compaired with experi-
mental results show a large errof in the predicted and
observed vaiues of the peak commutation capacitor voltage
and the commutation angles, Therefore in 1981, Joshi and
Dewan presented a modified analvsis [10)}, which takes into
account the following factors that are neglected in the

previous conventional analysis:

S

(i the variation of the a.c, back EM' of the
induction motor during the commutation interval
ii) the phase shift of the fundamental component

of the line curreant due to the finite commutation

interval

The peak commutation voltage and commutation
intervals, as predicted by the modified analysis, are closer
to the experimental results than those predicted by the |
conventional anilysis, It is also shown that a further
improvement in the predicted results can be obtained if
the effective value of the leakage inductance in the
induction motor model is measured by a blocked rotor
test using square-wave current from the inverter. The
results predicted by using the effective leakage induct-
ance are in close agreement with the experimental

results,



rt

They have also mentioned that at frequencies
higher than a critical value, the serie’s diodes are fo?wardn
biased for a short interval other than the usual conduction
period of é% radian. The conduction of diodes shunts a
part of the input current through the inverter leg without
passing through the machine., The above paper also gives a
method of predicting the critical frequency by computing

the anode to cathode voltage across the series diodes,

The heart of the current-source~inverter is

the current source. & very large feed inductor in series
with a voltage source can simulate such a current sbur 2,
Larger is the inductor better is the current source but
large feed inductor will moke the system costly and the
system response slower, Thus th2 design of the inductor is
critical, The aim of the paper presented by Revankar and
Piljai [24] is to investigate the effect of feed inductance
on circuit operation and evolve design criterion for the

choice of the feed inductance,

The uppuf freguency limit of the CSI operation
is decided by the commutation period of the SCRs, Large
commutation periods in a CST circuit can cause overlap
between successive commutations limiting the fregquency of
operation, Revanker and Pillai in 1932 suggested 26 that a
local discharge loop can be provided for the commutatiﬁg
capacitors to-qﬁicken the commutating process, They have

also presented the analysis of new commutation circuit



and its effect on circuit operation, The results are
compared with the conventional commutation circuit and are

experimentally verified,

When an induction motor is driven by a variable
frequency supply, the motor current and losses increase
as a direct result of the harmonics in the supply. The
methods of determiming these effects have been given by
Douglas Scholay [6!, Venkatesan and Lindsay {31] have
caléulated the losses in a cage induction motor fed from
six step voltage and current source inverters and compared
the efficiencies of the motor when supplied from these
sources, The eguivalent circuit that takes intoc account
the effect of space harmonics.and the skin effect in rotor
bars is used for the calculation of main and strav copper
- losses, They have shown cthat for reduced torque outputs,
the motor efficiency is higher when supplied from a current-
source inverter whereas for torque outputs greater than |
the rated torque, oneration from the voltage--source inverter

is more efficienc.

Tn the same vear, Manju Jain [12} working on a
CSI fed I,l, drive have shown that open loop mode of
operation exhibits instability in almost entire operating
range. ohe attempted to stabilise the drive over verv
wide range of operating speeds by using controlled slip
constant flﬁx conbtrol scheme as suggeéted by Phillips and

Lipo 21, 4]. She developed system characteristic equation
|



by employing the theory of small displacement and used

D partitioning technique for proper co-ordination of the
controller paremeters, She has also presented a method
for predicting the drive performanca as affected by the

sixth order harmonics of stator current. In thz end she
E

has discussed the transient peprformance of the drive under
various operating conditions of the drive-starting, sudden
speed changes in both up and down direction and reversal

in the direction of rotation of the motor,

In centrast to controlled slip constant flux
control scheme suggested by Lipo and Phillips, a new
controlled slip variable flux drive scheme for CSI fed
induction motor was proposed by Ravankar and Havanur in
1982, The scheme [27]Iis based on the simple and direct
relations that exist between flux, slip frequency, toIaue
and stator current components resolved along the airgap

Vo flux and in quadrature, It provides separate and independent
control of flux and forque in the motor. They also discu-
ssed tiae advantages of this schemes as ccompared to previous

-

‘ones. Lxperimental results using the new scheme are also

nresented and discussed in the above paper,

With regard to less expenditure, fewer losses,
and 1@ss.weight, the d.c. choke ih fhe link of current
souirce inverters must be small, The performance of the
d.c. link and special coatrol methods for minimizing
the link inductance are presented by Friedrich and Mueller

in 1983 [9].



Thé commutation of current in a current-source-
inverter fed induction motor was analysed by Farrer and
Miskin (8] using simplified models, Their models provide
sufficiently‘accurate results when the freguency of
operation is high. At low frequencies the results are
found to be legs accurate because the assumption of sinusoi-
dal back e.m,f, is not valid, Subrahmanyam in 1984 tackled
this problem and developed a simplified model (301 which
provides accurate results at all operating frequencies with
1eést computational effort and is useful in the analysis

and design of CSI fed induction motor drives,

1,

n the same yvear, Fekete and Szentirmai developed

i .

an automatically operated &4--quadrant drive to provide
variable motor speed and torgué bobth in motor and genera-
tor actions [7]. The main attraction of the above paper

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

operation,

It is generally believed that the current.- ‘
source inverter adjustable frequency controller with
auto--saquential commutation cainot be casily tested
without a load motor connactad. But Osman have shown that
the above inverter can easily be tested without a load
motor bv adding some simple circuits in both the regulator
and power circuits and by following step by step test
procedure LZOf. He has 2lso shown that the simpleést form
o

of the power circuit is not well suited to high frequency



operation at light load, because the duration of commut--
ation is inversely proportional to the d.c. link current.
| He has described an improved %iode ring-up circuit that
accelerates commutation in the automsequéntial current-

source-inverter,

One of the limitations of conventional auto-
sequential current source inverter for high power induction
motor drives is the high voltage that is produced in the
commutation capacitors during the current commutation from
oné.phase to anotﬁer. Since the capacitor voltage appéars
directly across the semi--conductor components, it increases
their required vOltage ratings; The high voltage spikes
generated at the motor terminals may also cause damage
to the motdf insulation.‘ Recently Rasappa presented the
sclution of the abo&e problem. In his paper [25] he has
given a brief review of the literature on limiting the
>capacit0r voltage and clamping the letage spikes, He has
also proposed two circuits suitable for achieving the
above goal, The analysis and the results of digital
computer simulation of the proposed circuits are also given

in his paper,
1.2 SCOPE OF PRESENT WORK

The author considercd a cage induction motor
fed from a ourrentﬁsource@inverter. The mathematical model

of the drive in per unit system is first developed and



steady-~tate performance is analysed such as power output,
power factor, stator voltage, efficiency, total losses ec.t.c.
as affected by variation in slip at different p.u. d.c,

link currents and operating frequencies,

A simple firing scheme for operating the current-
source-inverter in auto-sequential mode has been developed

along with the power circuit of the drive,

The performance of the current-source-inverter
is'inVestigated at resistive and induction motor 1oads;
The load test is carrie§ out at different operating frequehcies
and d.c, 1link currchts on induction motor and steadywstaté
performance of the drive ié obtained experimentally. The

experimental results have been compared with the theoreti-

cal ones and the discrepancies between the two are discussed.

The oscillograms of line voltage, line current
at the input of induction motor and of voltage drop across
different components of the inverteir circuit have been
recorded and discussed. Some of the above oscillograms
are also recorded at resistive ‘load to study the effect

of naturc of load,

The effects of change of operating frequency
and load on the line voltage and line current waveforms

have also been studied,



CHAPTZR IT

CUR.ENT SOURCE TNVERTER
2.1 INTRODUCTION

Inverters are used for generating variable
frequency poly phase supply from a d.c, source, The voltage
source inverters are voltage driven i.e. the input is a
stiff d.c, voltage source with negligible input impedance.
On the other hand, current-gource inverter is current driven
i.e., the input is & stiff d.c, current source with infinitely
large input impedance,Fig. {2.1) shows a schematic diagram
of current-fed inverter drive, A phasefccﬁtrolled rectifier
generates variable d.c, voltage which is converted to a
current source by connecting a large inductor in series.

A diode rectifier followed by a d.c. chopper can also
constitute the variable voltage d.c. source, The thyristors
of the inverter steer the source current Iq symmetrically

to the three phases of the machine to generate a variable
frequency, six-stepped current wave, Since the source is
considered stiff, the wave is not affected by the nature of
the load, i.e., it is dual to voltage wave of a voltage-

fed inverter,

During the lastc several years, therce has been
a wide interest in the controlled current inverter drives
due to its greater simplicity, better controllability, higher

regenerative capability and ease of protection.
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2,2 VARIOUS CONFIGURATIONS OF CURIENT SOURCE INVERTER

Since the induction motor constitutes a lagging
power factor load, the thyristors of the inverter need forced
my

commutation., Three of the forced commutated inverter types

are shown in Figures (2,2}, (2.3}, and (2.4).

The auto-sequentially commutated inverter (ASCSI),
as shown in Fig., (2,2), is very commonly used with induction
motof load, The six capacitors and six dicdes constitute
the forced commutation circuit, The diodes tend to isolate
the capacitors from the load and help stovre energy for comm-
utation., The commutation process causes transient over-
voltages at the machine terminals., The designed capacitance
value depends oa the comnromise of transient overvoltage

and highest operating freguency of the iaverter,

Fig. (2.3, shows an inverter with individual
avxiliary commutation, Here; an auxiliary thyrister bridge
with the help of three capacitors permits independent comm-
utation of each thyristor of the iaverter. Since the
commutation takes place through the auxiliaryv device, the
duration of commutation tends to widen causing significant
torque reduction at higher frequency. That is why, this

configuration is seldom used for induction motor drive.

———— .

Fig. (2.4) shows the simplest commutation circuit

where a capacitor is connected hetween the neutral of the



* UOI}D}NWWOD ~ *uonDydWWOod |pIyUaNbasoinp

IDNPIAIPUI U}IM 43}43AUL Juaaun) —gzbiy Y}IM 43}4aAul Juaaan) =gz by
43}49AU] abpiuaq Auojixny
——— ——— N—
: . A . °
NNM 9 v&% 74 <me vy,
1
S llTl\
' N\ w—.l!\ i\
£
mNW mNW. *Nw ve/\ <mNm SN% ° AS
K S €l |
&
o nm.il.llo



Fig.2.4_ Current inverter with fourth leq commutation.



machine and the fourth leg of the inverter, The auxiliary
thyristor A is responsible for commutation of the upper half
of the bridge, whereas B commutates the lower half of the
bridge. In a full cycle of operation, the capacitor voltage
alternates six times and that is why this circuit is called
third harmonic commutated inverter. The circuit, though
simple is not normally used for induction motor drive because
torque reduction due to commutation is substantial at higher

frequencies,

2.3 OFE2ATION OF CURAZENT SOURCEvINVERTSR IN AUTO--3EQUENTIAL

MO 2

The configuration of current-source inverter in
auto~sequential commutation mode[Fig. (2.1) lis used in the
present work. In order to describe the automatic pirocess
of couwmutation transfer of current from phase A o phase B
is discussed. The current transfer process is divided

z. (2.5)]. The approximate

into three time intervalsFig

equivalent circuits for each interval are shown in Fig.[2.6(a)]
. .
to Fig.L-2.6(d)]. Tt is assumed that all the semiconductor

devices are ideal switches, commutation overlaps do not occur

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

The bhegin with it is assumed that the SCR Tq
and Ty are conducting and Tz is fired to commutate current
from Ty to Tz and ultimately from phase A to B, The -cap-

acitor  Cy3 between SCR T, and T3 will be charged with the



Fig.2.5_ Capacitor voitage and machine currents
during commutation .
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polarity shown. In this case current Ig will flow through
SCR Ty, diode Dy, motor phase A, motor phase C, diode Dy,
SCR T, and back to supply[Fig. 2.6{a)], After SCR T3 is

fired the commutation is complete in three stages{Fig. (2.5)}

1. In the first stage the current is commutated
from the SCR Ty to T3 as the voltage of Cy3
acts as reverse voltage to SCR Ty, The transfer
of current from T; to T3 can be taken to be
instantaneous, The load current path is shown

in Fig. 2.6(0)],

2., In this stage of commutation the diode D3 has
a reverse voltage across it and therefore current
flowing through Tz cannot flow through Dz. This
current divides itself, and flows through the |
capacitors (C13 parallel to the series combin-
ation of Cy5 and Cz5) [Fig. (2:2)]. The current
through the capacitors modifies the voltage
across them, Capacitor Cy3 gets discharged
linearly, the voltage across it being Zero at

t=1t The period ty t, is generally greater

C'
than the recovery time of the SCR,; so that it
remains in the blocked state even though the SCR
gets positive voltage as the capacitor voltage

reverses after t = tc' The diodle D3 is still

in blocked condition, The 1link current flowing



through the capdcitors further modifies the
capacitor voltages, At the instant t = t4 diode
Dz gets forward biased and starts conducting.
during t  tg only capacitor voltages change but

the machine currents remain the same,

3. The third stage of commutation starts at the
instant ty when the diode 533 starts conducting,
The current divides between D and Dz{Fig. 2.6(c)],
The diode current (D7) flows through the capaci-
tors which are now charged in the reverse direction.
The current in Dy falls gradually to zero while
the current in Dz simultaneously increases to
doc, link current, The commutation is complete
when the current is completely transferred from

phase A to phase B [Fig. 2.6(a)).

.Table (2.1) illustrates the operation of the
auto-sequential--current-source inverter for one complete cycle,
It is clear that SCRs must be fired in the sequence 1 - 2 = 3 -

4 -5 — 6 - 1 for the correct operation,
2,4 CONCLUSION

In the present chapter, ourpéhthgourcet;nverter
is shown as a dual to voltage-source-inverter, The three
configurations of current-source--inverter are discussed and
the commutation process in the most commonly used configu-

ration {ASCSI) is explained,
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CHAPTZR III
JBEVELOPIENT OF FIRING SCHENE FOR CULENT SOUACE INVIITIR
3.1 I TRODUCTION

A simple firing scheme for realizing the
firing requirements of an auto-saquentially commutated
current source inverter is developed, The scheme uses
Johnson Counter as the basic unit for generating the three
phase variable freguencv square wave supplyv. The outputs
of the Johnson Counter are combined to produce six set of
firing pulses with a phase difference of 60° from one

another.

3.2 RWQUIREAMENTS OF FIRING CI@CUIT

The current source inverter is mostly used in
120° mode of operation which meané that eacn thyvristor
conducts for 120° during each cycle, . The firing pulses
requirements of the thyriscors for this mode of operation are

as follows [Fig. (3.1)]s

1. The firing pulses to the thyristors of upper

. _ o
cow i.e. 1, 3, 5 should bhe 1207 apart,

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

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

3. In order to ensure firing of thyristors for

all type of loads, nulses should be wide,



Firing
pUlseS f—— 120°—>
of
SCR1 r — T T T 1 T T T T
0° 60° 120°  180°  240° 300° 360° 420°  4B0° 540°  600° 660° 720°  780°
4-60”—«-1
SCR2 r
<+— 120"
SCR 3 ¢ S
ulse
L—wld!h

«—180° e

SCR4 r—

- 240° >

SCRS m~

~——300° , >

SCR 6 b=

Fi9.3.1_ Firing sequence of the CSI.



preferably as wide as the total eonduction

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

b, Rach thyvristor should get sufficient time to

turn off, .
3.5 ROALIZATICY OF THE FIRING SCHIME

Fig. (3.2) shows the firing scheme which fulfills
all the four conditions stated above, Block 1 is a Johnson
Counter whose input is clock pulses (Block 2) and output
is a three phase square wave as is clear from Table (3,1)
which indicates the state (high or low) of each output pin
and.its time diagram(Fig. (3.3)], The frequency of the
three phase square wave will be one s8ixth of the‘frequency

of the clock pulses, -

‘Yhen the output of the Johnson Couanter are
ANDED ag in block 5 of Fig. (%,2) with one another in a
particular way [ refer also Table (3.2)],six pulses of
120° quration but shifted by 60° from one another are
obtained Fig. (3.4)}, When these 120° duration square pulses
are ANDLD with high frequency pulses obtained from the
oscillator (Block 4) we get continuous pulses for 120°

durationFig. (3.5)].

In order to fulfill condition {4) there should
be a delay in the begining of each pulse, This delay

should be of the order of the turn-off time of the thyristor,
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Fig.3.2 . Block diagram of firing scheme for current source
inverter.
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0 1
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It is clear from the time diagram [Fig. (3.6)] that if we
AND the pulses f with each of Fig, (3.5),.we will get the
desired delay in the begining of each pulée. To obtain H we
trigger a mono-shot at the falling edge of each clock pulse

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

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

the help of pulse amplifiers {(Block 6).
3.4 DESIGN OF FIRING CIRCUIT

The firing circuit consists of Johnson Counter, oscill-—
ator, mono-shot, inverter, 4-input AND gates and the pulse

amplifiers, The description of these components is as follows:

3.4,1 Johnson Counter

\

Jolnson Counter is realised using IC 7476 which is
dual master-salve JK flip-flop. The pin details of IC 7476

are given in Appendix ¥,
3.4.2 Oscillator

IC 555 has been used as an oscillntor. The details

. . . N
of IC 555 are given in Appendix 4.. .

The connections are shown in Appendix 'B} .
The external capacitor CT charges through R, and Ry
and discharges through RB only. Thus the duty cycle may

be set precisely by the ratio of these two resistane:zs,
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Tn free running mode of operation the capacitor
charges and discharges between % VCC and % VCC, The
charging and discharging time and hence, the frequency is
independent of the supply voltage, The charging time

loutput high} is given by,

ty = 0,693 (RA + RB)CT

The discharging time (output low) is given by,

t, = 0.695 % Cy

Thus the total time period is given by,

= ; = ) (R - 2R
T =ty +t, =0.695 ® + 25)Cy,

1

Frequency of escillation is therefore,

f._:l:_,.—]:.ﬁi_"__ﬂ__
‘ ! \Ry +27p L

For.the inverter frequency from 20Hz to 100Hz
the frequency of the clock pulses should be 120Hz to

600 Hz.

= 120 Hz

h

O

s

h
]

600 Hz

I
O
=
H
il

11X, Cp = 0.1 uf, Ry ~ 12K

=
o
1]
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N
N

Therefore R, is taken as 100dm, C as 0.1 AF

and 100K pot  is used for Ry to adjust the desired freguency

accurately,

L]

For high frequeancy pulses, oscillator freguency

is selected as 500 Hz, ¥For this frequency RA’ RB and C

are selected as 1.0X ohins, 6.30K ohms and 0,02 AF respectively,
, J

%4 0% AND GATE

0 X
The 1680 duration outputs of Johnson counter are

ANDSD with one another _Table (5.2)] ani with H Fig, (3.6)

and high frequency pulses using 4 input AND gates in order

' 4 1~A0 o . ) e
to get 1207 continuous pulses with small amount of initial

delay.

AND gat

IC 7421 is used for this purpose which is dual L-irnput

e,

The pin details of IC 7421 are given in Appendix 'y

Z. 4,4 MO0

details

of

to trigger

nulse,

the

SHOT

IC 74121 has been used as mono-shot, The pin
IC 74121 are given in Appendix ‘A In order
the mono shot at negative going edge of clock

. . . . . . '
circuit is connected as shown in Appendix = 'B',

The .duration of the output pulse is determined by the

timing
timing

to 40K

ohm.,

resistor Rex., connected hetween pin 14 and 11. The

resistance Rex. must be in the range of 1.4K ohm

The maximum allowable value of timing capacitor
g P

is 1000 puf, The duration of the output pulse in seconds

is given by,

TON = 0,7 Rex Ce-r



3 Al
Akes

350 m Sec (approximately)

«——

.

TON is selected as
so that reliable turaning off time for thyristor is assured.
Hence,

r - 5 50 X 10 O~ P) . “"'6
Cox Rex = 0.7 = 500 x 10

Therafore,values of Ry, and Cex selected are 4.7K ohn and

O,l/pf respectively,
3.4 ,5 INVLITER

IC 7404 has been used as inverter, The details

of IC 7404 which is hex-inverter chip are given in Appendix g

3.4,6 PULSE AMPLIF IER

The pulse output from AND gate may not be strong
enough to turn ON thyristor, Therefore, the output of
AND gate is amplified through an amplifier as shown in
Fig., {3.7)., A transistor SL 100 is used for this purpose,

zlken as 10 ohm and base resistance

N

The load resistance RC is .

R as 1K to achieve the desired amplification. The gate

"base
and cathqde terminals are at higher potentials of the power
circuit, therefore the control circuit should not be dire-
ctly connected to the power circuit., A pulse traansformer
is used for elecCtrical isolatioa between control circ. it

and power circuit, A diode I 4001 is connected across

R, and pulse transformer primary wiading to avoid the
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saturation of pulse transformer core, A diode IN 4001 is
connected in series with secondary of pulse transformef

to block the nezative pulses. Gate should also be protected
against over voltages, This is achieved by connecting a

diode IV 4001 across gate to cathode.

A common problem encountered in the SCR circuitary
is spurious firiag of the thvristors., Trigger pulses may be
induced at the gates due to turn ON or turn OFT" of a
neighbouring SCR or terminals in the power circuit. These
undesirable pulses mav trn ON the thyristof thus causing
improper operation of the circuit. The SCR gates are
protected against such spurious signals by connecting a
éapacitor (0.1 AF) and a resistance (100 ohm) acress the

gate to cathode to bypass the noise pulses .28,
3.5 OSCILLOGRAMS OF THi FPIRIYG CIRCUIT

The oscillograms recorded at the different
points of “iring circuit Fig. (3.7) are shown in the bigures

{3.8) to (3.13).

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

Johnson Counter and one of its three outputs. The

bscillogram ciosely matches with the ideai waveform of

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

of output square wave is one sixth of the freguency of

clock pulses,
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Fig. (3.9) shows the R and Y phases of the Johason
Counter output. The 120°phase difference between the two
can be seen clearly, Fig. (3.10) shows the R phase and its
inverted waveform, Both the oscillograms are identical to

the ideal waveforms shown in Fig. (3.3).

s ‘ . o

Fig. (3.11) shows two continuous pulses of 120
duration which form the firing pulses of two coasequtive
S.C.Rs after a minor modification, The phase shift between

the two is of 60°,

These pulses are obtained by ANIING 120° square
pulses of Fig. (3,4) with high frequency oscillator pulses
(Block(5),Fig, (5.2)], These waveforms are iu close agreenent

with that of Fig. {3.5).

Fig. (3.12) shows the output of the mono-shot
;Bldck(z),Fig. (3,2)7 and its inverted waveform (H). Fig.(3.13)
shows the inverted outrut of monoshot (H) and one of the
120° continuous nulses of Fig. (3.11). It can be understood
from the Fig. (3.13) and Fig. (3.6) that the AIDING of two
waveforms will result in a very small time delay equal to the

duration of mon®-shot output in the begining of 120° cont:-

inuous pulse,

3.6 CONCLUSION

‘The ¥ig. (3.7) shows the complete firing scheme

of Fig., (3.2) in terms of actual pin connections and
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component values. This firing scheme has been found satis-—
factory for operatiBg current-source-inverter made of 16A,
1200 PIV rating S.C.ts, feeding a 3¢ cage induction motor

of 375 Watt size.



CHAPTER IV

SELECTION OF VARIOUS COMPONEN[S OF THE DRIVE
4,1 INTRODUCTION

In this chapter, the criteria for the selection
of various components of thoe drive is presented, This
includes selection of motor, d.,c. link inductor, commutating

capacitors, diodes and thyristors.,
4,2 SELECTION OF MOTCR AND THE LOADIIG ARRANGEMINT

The criteria for selecting the motor for the
present work was to go for a S--phase cage induction motor
of small rating to enable use of inductor, capacitors,
diodes and thyristors of moderate rating, The motor with

following specifications was selecteds

3-phasc, 50 Hz cage induction motor

No 2.L. 50
Rated Power 375 Watts
lated Voltage - 220 Volts
Rate Current 2.0 Ampere
No load Current 1.1 Ampere
Synchronous spead 1500 RPM

The loading arrangement comprises of a d.c.
machine which is coupled with the above induction motor,
This d.c, machine has bean used asg a separately excited
generator for loading purpoée, The specifications of this

machine are:



No S.L, 51
rFOWER OQUTPUT | %00 W
RATED VOLTAGE 125 V
RATED SPaED 1725 RPN

4,% SALECTION 07 SCRg FOR CONTROLLZD wCTIFIZR

The SCRs of the controlled rectifier must be
able to withstand the maximum voltage coming across them
and carry maximum current corresponding to any operating

condition,

SCR Voltage Rating

The supply voltage input to the controlled
rectifier is 220 volts, line to line a.c., therefore, the
peak inverse vcltage (PIV) across each arm of the SCR

‘bridge will be given by,

PIV = 3 vdo

wheire Vdo = = -VLuL
3/2

= ™ A 220

~  29% Volts

H

Therefore PIV % x 293

308 Volts.

P2
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Allowing a safety factor of about 2.0 so that
the SCR can easily take a reasonable transient over voltage,

SCR with 600 Volts PIV rating are used,

SCR Current Rating

The full load current of the induction motor is
2,0 amperes,
,

Therefore current in the d,c, link corresponding

to full load current of the motor will be,

= 1.81 ampere,

Allowing a safety factor of about 2.0, 3CRs of
5 amperes rating can easily take the wotor full load

current, The 5CRs used are of 10 amperes current rating.

The SCRs selected for controlled rectifier have

following specifications:

SCR Type . 0E 1006
Current Rating 10A
Max imum Reverse,hepétitiye,Voltqge 600 Volts

These SCRs have heen mounted firmly on heat
sinks because the heat developed, caused almost entirely

by forward current and forward voltage drop, greatly



exceeds what the device can itself dissipate at normal
working temperature, SCR bridge is protected against over

current by providing proper fuses in its circuit.
4,4 SEILECTION OF ,C. LINK INDUCTOR

The analysis of the current source inverter is
~arried out on the basis of constant.--current--source at
its input. A very large inductor in series with a d.c.
voltage source can simulate such a current source,bﬁt such
a inducter will make the systém response slower, With
regard to less expenditure, fewer losses and less Weight
also the inductor should be kept small, A medium size
inductor with a current loop will ideally suit to our system.
For the present work an inductor of 800mH is used in the

d.c. link,

' .

4,5 S=LECTION OF COMMUTATING CAPACITORS

In the C3T fed dirives, high vqltagé is developed
across ﬁhe commutating capacitors during the current
cormutation from one phase to another, Since the capacitor
voltage anpears directly on the semi--conductor components,
the commutating capacltors are designed to limit peak
voltage on devices rather than to provide adequate turn-
off time for the SCRs, It has been found [18, 30] thét
the voltage developed across the capacitor is inversely

proportional to the square root of the commutating



I~
N

capacitance, Consequently the commutating cepacitors should
be selected large enough to cénable use of 3CRs and diodes

of moderate voltage rating,

In the present work, variable capacitors are

used and best performance of the svstem is obtained at

C = BC/UF.

4,6 SELACTION C7 SCRs FO CURRENT. SOURCE INVIRTIR

Since the commutating capacitors are sufficiently

large, the turn-off time available is sufficient to permit

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

SCR Voltage Rating

The voltage rating of the SCRs is decided by
the maximum v&ltage developad across the commutating capaci-
tors during the current commutation. This voltage is
directly proportional to the d,c. link current and inversely

roportional to the sguare root of the commutating cavacitance.,
p B q () £z

.

InP £

For the present work, sincs the d.c., link
curreant is verv small and the commutating capacitors seélected

are quite large, therefore SCRs with 1200 PIV rating are



SCR Current Rating

Since the d,c. link current alone is steercd by
the SCRs symmetrically to the three phase, théréfore
current rating of the inverter 5CRs is also decided by the
d.c. link current. Allowing a safety factor of 2,0, SCRs
with 5 awperes ratihg can easily carry the full load current.

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

The 3CRs selz2cted for current-source inverter

L1

have following specifications:

SCR Type 58 1012

Current Rating 16 A

i

Maximum Reverse Repetitive Voltage 1200V

Similarly to the 3CRs of controlled rectifier,
these have also been mounted on heat sinks but instead of
snubber circuit, a small value of inductance in series with

i iy . P . ) .
‘each SCR to limit di/dt to a safe value is used,

4,7 SALECTION OF DICES FOR CURNT SCURCE INVERTER

Wrio

The function of dicdes is to isolatc the capaci-
tors from the load and thus to prevent their discharging.
"The criteria for the voltage rating of the diodes is also
the maximum voltage‘developed across the 6ommutating
capacitors, _Since these diodes are‘used in series with
SCRs therefore their current rating should he same ag

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

specifications are selccted,

Diode Type SER 16 PB

Current rating 16 Ampere

\

Maximum Reverse Repetitive Voltage 1200 V

These diodes are also mounted on the heat sinks

for the proper heat dissipation.
4,8 CONCLUSION

The guide lines for the selection of various
components of the power circuit are discussed and the
power circuit is designed for the speed control of 375 Watte

cage induction motor,



CHAPTER V

DEVELOPMENT OF MATHEMATICAL MOTEL
5,1 INTRODUCTIOH

An a.c. employing current source inverter consists
of controlled vectifier, a d.c, link inductor and a current
mode iaverter, The controlled rectifier and d.c, link inductor
combine to form a d.c. current source which supplies a regu-
lated d,c. curreat to the current mode inverter, A rectifier
controlled constant curfent source inverter fed induction
motor drive is considered here, The induction motor is
mathematically modelled in its syachronouslv rotating

reference frame, The mathematical equations of whecle drive

are svstematically developed in concordia’s per unit system.
5.2 SYaTal STUDIED

The system schematic diagram for a rectifier
controlled constant current source inverter fed induction
motor is shown in fig, (3.,7)., The system comprisSes of a
three phase controlled rectifier bridge; a d.c. link smooth-

or, a current-controlled inverter and a three

o

ing induc
piuase squirrel cage induction motor. The loading arrangement
comprises of a separately excited d.c., generator which is
coupled to T.M. The currenc--source-~inverter is tvpically the
auto-sequential type described earlier in Chapter 2, The

output voltage of controlled rectifier is controlled by
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proportional coatroller working on the d,c. link current
error, 9.C, link current reference is set by adjusting the

firing angle initially.,
5.3 SYSTEM LQUATIONS (IN ¥.K,S.,SYSTENM)

5.%.1, d1nduction Motor

The induction motor can be modelled using a two
axis representation developed from the generalized machine

theory, Several assumrtions are reguired 1n order to use

this representation. These assumptions are as follows:

(i} The three phase stator winding of the motor are
\ _

balanced and sinusoidally distributed in space,

‘ \

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

(iid7 No saturation occurs and thus sunerposition is
applicable,

(iv) The switching transients in the inverter are ignored
i.e. the commutation period is negligible.

(v There are no core logses in the induction machine

and all solid--state devices are agsumed to be

losses free,

We will describe the thiree phase squirrel cage
induction motor in the svnchironously rotating reference
frame with the angular rclationship between the g-axis
and the magnetic axis of the stator and rotor phases is s©

selacted that these axis coincide at time ¢t = O [Fig. (5.2.].



e —
—

Fig.5.2_ Reference frames



theh be described by the following fourth order matrix

equation.
o

ds

7

as |
{0

C

3 A7 2

..,;(l)e I‘S
{rs+pLs)

. N
Wsg1M

dere e denotes the angula

velocicy of the

Based on the above assumptions, tie motor can

... (5.1)

synchronously rotating reference frame and is equal to the

fundamental compcrnent of applied voltage,

5.%,2 Current Source Inverser

from a current-source inveriter, the mnotor vphase

are not sinusoidal but are

When a squirrel cage induction motor

rectangular

is supplied
currents

nacure for star

| connected motor{Fig. (5.3} L The current flows for onlv 120

cegreass of each half cwcle

Teeally only two nhase conduct at aav ins:cant of time

re

three stator phasesg can be represenced by -

series expansions as given below:

sulting 1.

.

e Fourier

(W2glectiag commutation effects).

distinct modes of oprraticn of Che inverter,

tevpzd currents shown in 7ig.(5.3) exciting the
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L & £
[cos wet -5 cos 5 wet + z cos 7 0y T

-
t

- I cos 11 u)et + .,.3

= é[if (o & = 2% 1 / - . 2%
los = 7 IR [cos\weu 37 3 cos 5 W, & A %
g: af T - 212‘ - :J:._., a L N 215
t 5 cos (7 met 5= gy cos {1l wet -3 ) vl

i — .&Z < n :3:‘1.’ y]; (r‘ Zn \
1 = =5 IR [COU ((_;_)et 4 3 - = c0st5 vt - ..5.;.-. )

Locos (7wt +2EYy 0
+ Z cos (7 wet + 3" ) B

cee...(5.2)

The above phase currents expressions can be
transforied to a d-q reference frame running at svnchronous
electrical angular velocity of the fundamental component of

Q
the current applied to the induction machine stator,

. /
The g-—axis of the reference frame is assumed to
3. T LI K ey ., - I4 ., I . S -1
coincide with the stator a-phase axis \as) at t=0 [Fig.(5,2)]

This condition gives the following equations of transforim-

ation:
: 2 27T o’ﬂ: 1
i == Li__cosE + i 0s(5-5=) + 088+ =3) |
qgs 5 ( as tpg © 3 ) Les ©O80 5> .
i =2 (i sind +1 sin (6-2%) 1 sin(6+2%) 1
as »] as - bs Rl 5 --CS LAl -/"3 ’ i
] . -
1 = = 4] + i
0s 3 £las s LesH
® & 0 e o (5. 3)
where

™
i
£

0)
ct



Substitution of i, ipg and i,g from equations

(5.2) in equations (5.3 vields,

igg = 0

. 2/5 -+ 2. - L2 - '

igs = 2 12 [1.-- 5 cos 6 wet 5 cos 12 wet o)
3 12 e 2 sin 1 |

igg = % IR [ - s sin & wet 15 sin 12 wet eeod

e 9 o (5./—")

Zguations (5.4} may also be written as

ids = 7~ In 8ds oo (5.5)
whare,
. 2 oo ”2 . e 1
Eqs = (1~ S cos 5 @et = g5 Cco8 12 BT vl

. . '] LS
Zgs = L - ggvsin 6ot~ %%» sin 12 w t ...}

2 =
- ) ocu(5'6>

—_— 14 o .
e = i\ -t \.I-, =
Vil = W igg * Vg dps + Vg ics)
. 2 1 - 3 * )
-2 (Vqs lqs r VdS l(lS 'i ’

ce (5.7)
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Substituting the values of 1 igg from

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

be expressed as,

3/3 - ¥
V1 =57 Vgs 8gs * Vas Bas- ... {5.8)
The differential equation for the d,c. link is
given by,
v v . (m
Vp = Vi + \Bp + plpy Iy ... {5.9)

The output of the coatrolled rectifier is

given by,

V., = QZZ V_ cosq - 2 %

R T S T oo.IR
where
Vg = peak nhase voltage
Xoo™ commutating reactance in ohms
o = firing angle
defining,
7'113 V  cosy = V?,-
Then,
Vg o= Vag - g Hgy Iy ...{5.10)

Substituting the expression of V., from eguation
PN

N

(5.9) in equation (5,10}, we get,

= Vrr Bl vE) ()



3 51 s
The electromagnetic torque of the induction
motor is given by the expression,

r .2 B o
re - 2 . 2 ¢ LtL?_ [lqs ldr» lds lqr.] 000(5'12)

where P = number of poles,
5.4 EQUATICNS IN CONCORDIA’S PER UNIT SYSTEM

From equation (5.2), the expression of the line

current is given as,

i = =21 cos 0ot = cos 5wt + 5 cos 7wyt

P
=

cos 11 wet ..,]

\

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

side be I, amperes per phase, The maximum value of this

b
base current will be /§“Ib amperes, We define 1,0 p,u., d.c,

link current (IIb) as one'which gives 1.0 p.u, machine phose

. o

currents.

Thus from the above equation,

/2 Ty = 2%3'1 b
= I = S—% I, < .r. (5.13)
Unit power gn inverter side (Pp) =V I

In 'Ib.
Unit power on machine side (Py) = 3 Vo I (under unit p.f.

conditionj.

where Vb = machine base voltage,



Equating power on invercter sid

e to power on

machine side to find out inverter base voltage,

Vi, I = 3V, I
ib Ib “ b ™D
r
- zey)
AV, X
“Ib
The inverter has been assumed loss less,

Substituting th: sxpression fo

(5.13) in equation {5.14},

Base

RPase

vV = 2/35 =
i) /ST 3 T H
Jem iy

impedance on machine side

Vb

= =% = 7 ohms mer phase
_L 'b s ks
b ,
\
. o '1p
impédance on inverter side = =
“Ib
38 y
T b 18 - _
= = TR ohms,
2 v

2, T n

2/3
torque N wwm) =T = G

TN ’ base 27 fh P/2
e f. is base frequency in Hz,

fewriting equation f5.ll),

Vo =V + @ + 5 4

r IIb from equation

... (5.15)

... (5.16)
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We will define all the reactances at base frequency,

So the above eqguation becomes,

- 2 3
Vex = Vi + (Rp + 2 X_

ot Xg) I ... (5.19)

(\,-b

Dividing both sides of equation (5.19) by Vi,

§"/;E'{“/\*(:—'X’l'“+.(" ‘+.§.X +va ..I'L i[..]_:.l?.
V.o =T PY R fco Tl ROT VIT
Ib Ib b Ib Ib
o 4 ’ s B /
Or Vr{‘ - ‘II + ( N + GCO + p )(F) It\’- e o (5.20)
rhe re ora- '%&.— .C.TL. — .(s,i..u
where operatuec p = 35 and p = ¢
since T is defined as Wp. ty therefore 4T = mb.dt
%* : _
.’*
>pefrestes B ...(5.21)

In equation {(5.19) dash shows various quantities

in p.u. Considering equation (5.2),

Y s ot - L cos L
i =% 1z (cos w,t =& cos 5 w,t + 7 cos 7 w t el

Dividing both sides by /2 I,

i o= T .
-—--a S — 2 R o — ;]_I. 5 .:‘]-; J
= I; é%— . 72’3;’[000 met 5 cos 5 met + 7 cos 7 wct ool

or

L 1 1
las - IR [COS wet - 5 cos 5 wet * 7 cos 7 met .‘.] 000(5022)



‘Similarly other equations can be written in p.u.

and are as followss

Vo =V

I

o
]
H

.7 7
qs BRIt

ds e

» R
gs gqs ds &ds
«
R gqs
/
R 8gs
7 y/ %X/ /7 -
W & P Ayt W gy

“r

;L y S .
+DX - X 2
(Ps P s) We 4y P oo

8 N

Vi X/ ( / #X/) . X/
¥s1 fm VTPl 951 A

s
~

e

s , ¥/
T “Wg1 “p (rr+pXr)

dl"_; .
.. (5.26)

... (5,23)

...(5.24)

...(5.25)

in the equation (5,26), all reactances are defined

g
at base frequency i.,e, f, and p = &= ,
. b “p
equation (5.12),
2 B Loy i s o
Tfe=%-5%- 0 A [lqs dr T tds lqr]

Dividing both sides by Tyyg50s 1.¢.

T/

e

3Vb Iy

2nfb7P72

Al e Y4 .7 L7
= X tigs igr ~ ids 1qr]

Now considering

vee (5.27)



5.5 BQUATION OF MOTION

Squation of motion is given by the following

expression (in M.K.S. unit)

de

J 92, |
at = Te - IIL , v.e(5.28)

'Ugr\)
)

-

slectromagnetic torqgue in & -~ m,

i

where
e

T

Il

1, = Load torque in % - m,

Dividing both sides of equation (5.28) by Thage

;@quﬂtiOn {5.18)3,
J_ . 2% fb do., T 7 ,/
P2, O 3t < e T ML ...05.29)

v 4 .
where Te and TL are 1n p.u.

The ineprtia constant of the machine H in seconds
is given by,

fwb/P/2)A

]
=5 J B
2 P
I
where @, = 271 f, = base angular speed in electrical
L >

Rewriting equation {5.29)
[N
. 5
2. % . J<ﬁ}“J2 .
o2 2/2 4. (“r N LA R4
G d-t w’ P, = . o L
8]
or
I £ H ”%( /\ T 4 T /
4T 1 b L (o | I . y
b p(.)l"l @ I.r ..0(5';)\3)
1 . / ('Ol‘\
Wnaire = «aa
r ©



From here onwards, the star on the operator p and the dashes used
in the equations (5,20) to (5.3C) to differentiate between p.u. .
system and M.K.S, system quantities will be dropped ouf fof .
the sake of no?ational convenience and it will be rememb--

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

convention,

Now combining the equations derived above, we

will develop the model of the whole drive shown in Fig,'(5.1}.‘

It is well known that machine stability is deter-
mined primarily by the fundamental component of machine
variables., Therefore we will neglect the effect of harmonics,
Thus only fundamental component of a,c, is considered.

Therefore from equations (5.6),
gds = 09 g = 1 000(5031)

Rewriting equation (5.26),

S , - —~
Vqs (r +pX,) 0 X p X, 0, X, | s
vl | moe % (egrpt) (o, %) X, | fge
0 v ) p Xm Ws1 Km (rr+pXr) wsi Xr iqr
0 g1y P X, ~Ws1 Fp (rr"kpxr‘), lar | |

L o~ L - . w(5.32)
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Substituting values of Bas and g s from equation

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

) = V

I gs
iqs = Iq
od.(5'33)
ids = 0

Now we rewrite equation (5.31) after omitting

the ds equation since i4g 18 identically zero,

Vqs , (rs+st) B 0o %y | “*ags
X . r ' T 4 ']
0 =1 P 4y (rr+pAr Wg1 # tqr
0 —(2 X ) X (r +pX ) i
sl "m sl 'r r r dr (5.34)

e Y 'Q-, ] — e i
Rewriting equation (5.20),

Vg = Vp+ (g + X+ pio) T oo (5.35)
Substituting the walues of VI and IR from

equation (5.34),the above equation results in,

< & A'd s
V= qu Ry + X f Pz ) 1ys ‘ .. (5.36)
Substituting the expression for VqS from

equation (5.30)in equation (5,32) and rearranging the terms

we get,



Ui
8]
v

el ——— [e———- sind Py pwinnd

V.. o AR+ +p (K X)) ) S

B (oA p( T ),( P “m LLe m qu

0 = p X (r +pX_) weq X i
' = = M WpTRARS Og1 Ap tqr

G ~0g1 Xp g1 Kp (oprXp)| [iap o
‘L- 1 oo (.)o:)?)
] 1L R .

Now the eguation of motioa is cewritten,
hm o il ) = T - Ty ee.(5.38)
Trom equation (5.27),

Te = J{m \iqs idl" b ids iqr‘,\ s 80 (5039)

Substituting the values of igq from {5,33) into

(5.59) we get,
. e .
Pe - Jﬁn lqs ldlﬁ s oe (50/4'0)

Substituting values of T, from {5,40) into

equation (5.33) gives,

(L £, H = (X i,q igr) ~ &0 ‘

“TE lb o p wr) - h lqs 141) "DL)". {\5'41)
5.6 CCNCLUSION

The mathematical model comprising of equations
(5.37) and {5.41) completely represents the current-source-

inverter fed variable speed induction motor deive shown in
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figure (5.1« The induction motor equations are written
in synchronously rotating reference frame under quasi-

steady state conditions in its stator circuit,

Using this mathematical model, the steady-state
performance of the drive is investigated in the following

Chapter,



CHAPTER VI
STEADY--STATE ANALYSIS OF THA DRIVE
6.1 INTRODUCTION

In this chapter the steady-state equations of
the svstem are derived using the mathematical model
developed in the previous chapter, They are simulated on
a digital computer to compute steady state performance for
several values of stator frequency and d,c, link current,

The results, so obtained, are discussed,
6.2 STLADY..3TATE LQUATIONS

Under steady-state conditions, the machine
variables in q-d reference frame and d.c. link variables
are constantg, Hence in this case, substituting differential
“terms as zero and using relations (5,33), equations (5,35)

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

form,
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Subscript o is used to define steady-state

variables. W is the ratio of applied electrical firequency

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

operating frequency,

From cquation (6,2)
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Substituting the value of VQYO from equation
. Ll

(6.4) in equation (6.1),
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Substitution of the expression for idro from
equation (6.8) in eguation (6.9), (6.3), and (6.7) respec-

tively, gives the folilowing:
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Rewriting equation for V from eguation (5,32,
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Substituting the value of i __ from equation

qro
(6.12} in (6.13),
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Since the qg-axis is assumed to coincide with

a-phagse at t = 0, referring fig. (5.2),
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Also,
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- Substituting expression for iqro from eguation

{6.12) and expression for igpo from eguation {6.8) in

equation (6.19),
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Ignoring the iron, friction and windage losses,

total losses are determined as follows.

Totel Losses in Drive = losses in induction motor stator
4+ Losses in induction motor rotor

-~ Losses in d.c. link inductor

L2 2
. y
| r “slo’m . 2
= |r_, + R + (i050)
T o %)% s (n )2 : (6.22)
u)Slo r P | Tt ’
Power output =T x o, =T {o - o )
e o & ] slo 6 27‘)
® o 0 ° ~

Poer outnut
Power output + Total Ilosses in the

]

Efficiency of the drive

drive .
T, (o, - ©gq )
Efiiciency = = e —— .
: U o, —~w - Total logses in the drive
e e s1lg

L. (6.240)



5.3 ANALYTICAL RESULTS AND DISCUSSIONS

In this s2ction, the egquations developed in
the wrevious sections in terms of d - g variables of the
motor have becn used to determine the steady-state beha-
viour of the current--souirce laverter fed induction motor
drive, FP,U. parameters of the machine used in the iavesti-

(S |

gationg are given in the Appendix B,

The torgque-slip curve of the induction motor
fod from current source at rated current (IS = 1.0 P.U,)
and rated frequency (f = 1.0 P.U.,) is shown in Fig. {6.1).
This curve is compared with the torque-slip curve of the
same motor fed from voltage source at rated voltage
{VS = 1,0 P,U.) and rated frequency {(f = 1.0 F.U,). The
build up of induction motor stator voltage (for current
source operation) and stator current {for voltage source
operation) with respect to slip are shown in Fig. 6.2).
Comparison of torque--slip curves of voltage-~fed and
current-fed induction motor shows that, for current-

source operatlon,starting as well as maximum developed

©

torque are very low, also the slips at which maxinmum torque
occurs in both case are cuite diflerent, The difference

in the level of flux in both cases of operation is
mainly responsible for the above difference, As is
clear from Fig. (6,2 that, for rated current operation,

stator terminal voltage will be very low in the
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starting (s = 1.0) due to low machine impadance resulting
in very low airgap flux (since firequency 1s constant; and
hence the torque. As the speed increases, the machine
terminal voltage rises,resulting in the increase of air-
gap flux and hence the torque. In the absence of satura-
tion in the machine,the torque rises to very high values,

In a practical machine, hcwever, the saturation will limit
the developed torgue, For voltage source operation terminal
voltage always remains constant at 1.0 P.U, [Fig. €.2)]
resultihg in the constant {rated) alrgap flux in the machine
for all the slips, Therefore starting torque is very

large and since full saturation never occurs, maximum

torque is also quite large,.

For determining the steady-state performance of
the current-gource-—inverter-fed induction motor drive,

the values of stator voltage, powzr output, efficiency,
torque, total losses, power factor are calculated in the
full range of the slip (i,e, s = 0,0 to 1,0) for different
values of d.c, liak current and operating frequencieés.

The flow chaﬁt and the computer program for calculating

the steady-state performance are given in Appendix C

and D;respectively,

A1l the theoretical results of steady--state
performance arc plotted with respect to slip as well as

speed with the help of calcomp nlotter and discussed.



6.,3,1 Torgue-S1lip Characteristics

The torque--slip curves of the drive at different
d.c. link currents and operating frequencies are shown
in Fig, .6.3(a)} and 6.3(b)}. It is noted from the
curves that developed torque at starting (s = 1.0) is
low, As the speed increases, the torque rises to high
value near synchroncus speed and after attaining the
maximum value decreases to zero with steen slope at
synchronous speed., The variable flux level in the machine
is responsible for the above nature of the curve, as

explained earlier,

The examination of characteristics of Fig. (6.1)
for current source operation indicates two regions of
operation -~ one on positive slope and the other on nega--
tive slope of the curve, The positive slope region is
well known as unstable, HMHowever, the steady--state opcrat-
ing point will occur in both the regions for the same
torque demand., For example machine can be operated at
point A or B [Fig. (6.%)] for the same torque demand.

Slip corresponding to point A is higher than B,which
means that machine impedance corresponding to point A
will be lower than 3, SincCe m2achine is being fed from

a coanstant current source therefore stator voltage and
flux level in the machine will be higher at point B than

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

stator copper losses will be same at A and B but the

rotor copper losses will be somewhat higher at A on account
of increase in rotor current, FPoint A, being point of
intersection of VS = 1.0 and IS = 1,0 curves, corresponds
to normal flux level in the machine, therefore operation
should be proferred at A, However A lies in the unstable
zone of operation therefore closed loop operation is

mandatory,

It is scen from the curves [Fig. 6.3(a)] that
inorement in the d.c. link current results in the increased
torques resulting in upward shift of the whole character:-
istic, This is because the motor torque is pr-portional
to square of the d.c, link current., The slip at which

maximum torque cccurs remains almost unchanged,

As the onerating fregquency incCreases, developed
torque remains the same for the given value of d.c. link
current but slip corresponding to maximum torque prog-

ressivelv decreases, as shown in Fig..6.3()..

6.3.2 Powei Output Vs Slip

The power output variation with slip for
different d.c. link currents (f = 1.0 P.U,) and differcnt
oparating frequencies <IR = 1,0 P.U,) are shown in
Fig. 1.6.4(a)  and . 6.47p) . Power output is zero at

g = C,0 and 1,0 and its variation between these extremes
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follows the pattern observed in the case of corresponding
torque-slip curves., The points &, B corresponding to
same torque demand,as in previous case; are also marked,
It is seen that power developed at point B is higher

.

than at A, This is onlyv because B belongs to higher speed

tban J.{\ o

Maximum power output incCreases with increase

in operating frequencies [Fig. 6.4{b)]. Power output

(&)
also increaseg with increase in d.c. link current due to
increased torque resulting in upward shift of the charac-

1
|

teristic, iFig. 6.4(a)],

6.3.3 Total losses Vs 3lip

These characteristics are shown in Fig, [6.5(a)]

and [6.5(b)} for variation in d,c. link current and frequ-
ency, respoctively., The mathematicai model accounts

only for coOpper loss in the d.c., link inductor, stator
and rotor of the motor, The characteristics show that

the total losses in the drive are nearly coanstant for

a very large range of operating slips. At a given d.c.
Link current, stator copper loss and d.c. link inductor
copner loss are constant irrespective of slip. Rotor
copper loss are proportional to square of rotor current
which is very nearly equal to stator curreat at all

slips except near 0,0, where it decreases sharply,

becoming zero at s = 0,0, The points of operation
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A and B corresponding to Fig. (6.1)] are also marked
here, It is scen that losses are higher at point A than
B on account of highef rotor copper losses at A, The
losses at s = 0.0 are therefore d.c, link and stator

copper losses only,

The increase in d.c. link current also results
in the increase of total losses at all slips because copper

losses are directly governed by it [Fig. 6.5(a)].

The increment in the opcrating frequency
increase marginally the amount of copper losses in the
drive but slope of the drocping part becomes more and mere
sharp as the frequency increases, This shows that rotor
current and hence rotor copper loss start decreasing

at higher slip when frequency is reduced,

6.3.4 Efficiency Vs Slip

The relevent curves are shown in Fig. £6.6(a)]
and L6.6(b)} for different sets of operating conditions.
It is evident from the curves that the efficiency is
independent of the value of d.c. link current, This is
80 because both power input to induction motor and total
losses of induction motor are function of square of
d.c. link current, Thus rcatio of motor losses and
input power becomes independent of d.c, link current

and so is the efficiency. The efficiency is zero



N WE=1.0

3 M 1R4 0.6,0.8,1.0,1.2

EFFICIENCY

1 T 1 1 T ! 1

LTy

o T T T 1 T T
0.900 0.i5 0.32 0.48 0.64 0.80 0.96
SLIP
o T T T T Y T T T T T T T 1
. 150.00  126.09 102.00 78.00 54.00 30.00 6.00

SPEED %10’

Fig.6.6(a)_Efficiency vs. slip curves at different

D.C.hnk currents.



IR=10
Plot WE
1.0}~ e | 0.2
d | 0,6
- — 1,0
R
C~\\ PSS — ,'4
IO
0.8
S
a
>
)
<
Q@
L
had
W

000 0.16 0.32 0.48 0.64 0.80 0.96
Slip

Fig.6.6(b)_Efficiency vs. slip at different frequencies.



at s = 1,0 and s = 0.0 since power output is zero at
these slips. As the motor picks up gpeed, efficiency
increases and after attaining a maximum value near synch-
ronous spead falls to zero at synchronous speed, Point

A and B of Fig. {6,1) are also marked here on the curve
{Fig. 6.6(a)}, The efficiency is little higher at point

3 as compared to A, as copper losses are more at A,

The efficlency increases with increase in the
p.u, operating frequency (Fig. 6.6{b)). It happens
because fcr a given d.c, link current and slip, power
input increases with supply frequency wheresas losses in

the rotor remain unchanged,

6.3.5 Power Factor Vs Slip

The rélationship between power factor and slip

for the above said set of operating conditions are

shown in Fig.[6.7(a)]) and [6.7{b)]. Like the efficiency
curve, power factor is also independent of the d.c.
link current under the present assumptions (Fig. 6.7(a)],
he powei factor curve starts from a finite value at
standstill coadition (slip = 1.0), It improves as the
speed increases and after reaching the maximum value
it starts decreasing with minimum value at synchronous
speei, Points A and B are marked on the curve Fig,[6.7{a)].
It is noted that power factor at point A is far betCer

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

higher therefore V.  component (equation 6.14) reduces
whereas Vggo component (equation 6.10) increases at A

with respect to B, resulting in improvement in power factor

(equation 6,16).

The variation in power factor with variation
in supply frequency is shown in Fig.[(6.7(b))}., It may be
noted that as gupply frequency increases, power factor
imprcoves near svnchronous speed region but decreases

prOgressiﬁfly as slip apprcaches standstill value,

\

6.3%3.6 3tator Voltage Vs Slip

" The stator vcltage Vs slip characteristics of
the induction motor for different v.,u. d.c. link current
and operating frequencies are shown in Fig.:i6.8(a)} and
16.8(b)]. At low speeds (high slips) the stator voltage
is very low and_as the speed iancCreases (slip decreases)
statcr veltage rises slowly, “Then motor approaches svnch-
ronous speed stater voltage rises sharply and assumes very
high value, The above nature of the characteristic is
due to variable flux level in the motor at different
slins. At low speeds (high slips) motor impedance will
be low resulting in lewer flux and hence the lower
stator voltage. As the machine picks up speed, the

machine impedance increases giving rise to higher flux

and hence the higher stator voltage.,
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The pcints A and B which corresponds to the
same developed torgue are also marked in the present
characteristic (Fig., 6.8(a)], It seems from the chara-
cteristic that operation at B will give rise to dangerously
high stator voltage while operation at A will not, However
in practical machine: saturation limits the rise of stator
voltage beyond a certain limit. Therefore if open loop
operation is attempted, stator voltage will never rise to
such high values but motor will run in a highly saturated
ccaditicon resulting in high iron losses and poor power
facter, This is why operation is always preferred at A,
Since A lies in the unstable zone of torque Vs slip

characteristic,therefore closed lcop is a must.:

As d.c. link current is increased, the voltage
Vs glip characteristic shifts to upper side resulting
in even higher stator voltage EFig. 6.8(a)]. It shows
that flux level in the machine is directly governed by

the d.c. link current,

Fig.[6.8(0)] shows that higher operating
frequency results ia the higher stator voltage, as for
a given d.c, link current and slip, machine impedance

increases with frequency,
6.4 CONCLUSION

An apalytical method for determining the steady-

state performance of the constant-current source inverter



fed induction motor drive has been set forth in this
chapter, The motor perfcrmance at rated operating
frequency and raﬁed d.c. link current are shown with
respect tc slip in Fig.[6.9(a)} and with respect to

torque in Fig.16.9(p)] which summarises the ccmplete motor

performance studied so far,

The torque Vs slip characteristic can be divided
into two zones, one with a positive slope and the other
with 2 negative slope, The positive sloped zone is known
to be unstable therefore operation in this zone is possi--
ble only with the help of feed back loop. However the
negative sloped zone is inherently stable and machine can
cperate in this zone without any feed backs, Since the
maximum torque occurs at very small sliops, the negative

sloped zope is very small,

We can always find two operating points, (A and B),
one in each zone for the same torque demand. The various
characteristics show that in stable zone (point B}, power
output will be more, losses will be less and efficiency
will be betiter as compared te operation in the unstable
zonc. However power factor will be poor and stator
voltage will be dangercusly high while operating in the
stable zone. Since the flux level in the machine will
be very high when operating in the stable zone therefore

saturation is bound to play an important role in the
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motor performance which is neglected in the present
analysis, Thus it is apparant that above results of
operaticn in stable zone are highly in error bhecause
saturation effect is not properly accounted for, In the
practical case operation in stable zone (point B) will
result in higher iron losses, poor power factor, poor
efficiency and torque pulsations due to excessive satu-
cation, Théerefore it is never advisable to operate in
the stable zone. On the other hand operation ih unstable
zone (point A) corresponds to normal flux level iﬁ the
machine, resulting in a much improved performance, This is
why?operatipn in the unstable zune with the help of feed-

back loops is always preferred,



CHAPTER VII
EXPLRIMENTAL INVESTIGATION
7.1 TNTRODUCTION

The performance of constant cuirrent source
inverter fed induction motor is investigated exnorimentally

in this chapter.

The observations of the load test oa induction
motor at different d.c. link currents and opesrating frequen-
cies are rresented, Results of the steady -state analysis
obtained from the above observations are plotted with respect

to load torgue and discussed,

The oscillograms of line voltage, line current

and voltage drops across different components of power

circuit at resistive and T.M, load are presented and discussed.

‘'he effect of change of load and frequency on line voltage

and line current waveforms is also studied.
7.2 S{PIRIMZINTAL SET--UP

The schematic diagram of the experimental
drive is shown in Fig. (5.1). A 3¢ delta connectod cage
induction motor coupled with a separately-excited d.c.
generator, which acts as load, is fed from a constant

current--source~inverter., The currant-source is realized

by connecting an inductor in series with a 3¢ controlled



bridge rectifier., The firing pulses for the 3@ converter
are obtained from a three phase six SCR converter Bridge
Firing Unit. For keeping the current in the d.c. link
constant, a current loop is used, The current loop monitors
current in the d,c. link through a sampling resistor,
compares it to a reference input, and controls the rectifier
bridge triggers to maintain constant current. The coatro-
1ler used in the current loop is of proportional type and

is inbuilt in the firing unit., Reference input to current

loop is obtained from a 3 volt supply through & potentiometer,

The firing circuit for the auto--gsequential
current--source~inverter has been already discussed in chap-
ter III., It uses Johnson Counter as the basic unit, output

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

A1l the ccmponents of the power circuit are
mounted on the heat sinks for proper heat dissipation.
Snubber circuit is used for the protection of coaverter
SCRs against high %% and 2 small value of iaductance is
used in series with each SCR of inverter to limi %l to a
safe value, In addition to above protections, H,R,C. fuses

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

The complete experimental set up is shown in
Fig. (7.1) to Fig. (7.4). Fig.(7.1) shows the controlled

rectifier, current-source-inverter and their firing circuits.

Fig. (7.2) shows the resistance in the d,c, link which
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monitors d.C, link current and the auto-transformer whose
on® winding is used as d.c. link inductor, Fig. (7.3) and
(7.4) show the 3¢ cage induction motor coupled to a separately

excited d.c. generator and its loading arrangement.
7.3 BXPERIMENTAL OBSE AVATIONS OF CURRENT--SOURCE.-INVIRTER

Having successfully tested the control circuit,
the current--source-inverter is tested., In first instance,
it is ensured that the pulses obtained from the control
circuit are capable of triggering the 3CRs used in the
inverter, The CSI configuration is now tested in a circuit
similar to that of Fig.(5,1)with a difference that controlled
rectifier is replaced by a constant d.c. source and induction

motor is replaced by a 3% variable resistance,

The auto-~sequential commutation process of the

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

1. Pulses are given to SCR1 and SCR 2 and voltage

across capacitor C13 is checked,

2. Capacitor €, is found to be charged with the

polarity shown in Fig. [2.6(!—.1).] .

3. Now SCR 3 is turned ON by giving pulse at its
gate and voltage across C15 is checked again,
4, Polarity of voltage across capacitor C 5 is

reversed but the magnitude remains almost

same[Fig, 2.6(d)].



This confirms that SCR Tl is automatically
comnutated as soon as SCR T3 is triggered. Similarly all
the possible combinations of three SCRs are checked for

avtomatic commutation,

7.3.1 Zxperimental Observations At Resistive Load

First of all d.c., voltage source is replaced by
a controliad rectifiecr. Now the pulses are applied to all
the SCRs and waveforms of curcent and voltage at different
points of tne circuit are checked, These waveforms are
aav 152
shown in Fig., (Z=5) to (338). Now resistances in all the

three phases are increased in small steps and nerformance

of the inverter is found to be affected as follows:

1, As the resistances in all the three phases are
increased, the d.,c. link current nearly remains
constant initially but falls sharply as the
resistance is progressively incicased, On the
other hand voltage at the input of the inverter

goes on increasing,

2, The distortion in the line current waveforam
increases with increase in load resistance,
D If we g0 on increasing the resistance then at

a particular value, the commutation is lost

and CSI stops functioning.



4, The critical value of resistance at which comm~
utation is lost,is found proportional to the

d.c. link current.

7.3.2 Experimental Observations At Induction lotor Load in

Open Loop

Before replacing the resistive load by induction

motor, 100 K pot in the circuit of clock pulse generator
EFig. (5,7)],whioh is a 10 turn potentiometer with a dial

is calibrated in terms of frequency .Table {(7.1)]. WNow
resistive load is replaced by a 3¢9 cage induction motor

and sunplies to the control circuit and controlled rectifier
are switched on with the current in the d.c. link set at
ninimum value, As we devrease the firing angle of controlled
rectifier, current in the d.c, link increases., Torque
developed in the motor with 1 p,u. current in the d.,c. link
is not sufficiz»nt to start the motor at no load., As the d.c.
linlt current is increased to 1.5 p.u,, motor starts and
settles at spead correspoading €0 operating frequéQCy, Once
motor attains steady-state, d.c. link current is decreased
and adjusted around 1.0 p,u. Now waveforms of motor line
current and voltage are observed with the help of an
oscilloscope and found to be matching with the theoretical
waveforms shown side by side. These waveforms are shown

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

without a current loop in d.c. link at different frequencies
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Motor Current And Voltage Waveforms at

Induction Motor load Without Current Feag Back

Fig, 7.12



and different d.c. link currents and following investigat--

ions are made.

1. Induction motor running only with inertia load
of d.c. generator and of itself is stable in open

loop, although small torque pulsations are there.

2, Motor response to change in operating fraquency
is very good, It adjusts its speed corresponding

to operating frequency quickly.

A The frequency range in which C3I works satisfac-
torilv is found to be 10 to 47 Hz. As we cross
the upper freqguency limit, commutation is lost

and motor stops.

L, As we try to load the motor in open loop with
rated current flowing in the motor lines, d.c.
link current falls sharply and so is the motor
line current and motor becomes unstable instant-

aneously and stowns.

5. “Then the motor line curreants are adjusted to
about 1.5 p.u.,then motor is stable at very
light loads but it becomes uvnstable as soon as

the load s increased,



6. A1l other conditions same as in (5) but at
lower operating frequencies, motor is able to

carry a little more load.

7. Motor becomes hot very soon even when motor is

operating at no load with rated current,

7.3%.% Expeprimental Observations at Induction Motor Load

With Current Loop

After examining the open loop »erformance of the
drive, a current loop is incOrporated in the system as shown
in Fig., (5.1). This eurrent loop monitors current in the
d.c, link through a sampling resistor and adjusts the firing
angle of the controlled rectifier such as to maintain constant
current in the d.c, link, Motor is started as in tho open
~loop case and curvent in tihe d.c. link is adjusted so as
to kecep the current in the mobtor lines at rated valuz, Then
d.c. generator, coupled to induction moter, ié separately
excited to give rated voltage at its armature terminals,
Afterwards load connected to armature of the d.c. g2nerator
is increased in steps and the observations of motor line
current, motor line voltage, input power to motor, d.c,
link currcnt, operating froguency, armature current and
voltage of d.c. generator arc recordasd at each step., The
same are tabulated ian Table (7.2). The same exXercisc is
repeatad for different sets of d.c. link currents and

operating frequencies. From the observations of load test
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[Table (7.2) to (7.7)], motor performance is calculated at
different sets of operating conditions and are plotted in

Fig. (7.13) to Fig. (7.&6) with respect to load torque.

In order to investigate the specd control of
induction motor with curreat--source-invertar, a particular
value of load:on induction motor is fixed and operating
freguency is varied gradually by adjusting 100 X potentio-
meter [Fig, (3.7)].For every value of operating frequency
speed is recorded. These observations are tabulated in

Table. (7.8).

The oscillograms of motor voltage and current
are first recorded at no load for two different freguencies
and then at a fix load. These are compared in Figs. (7.61)
to {7.68). Along with these, oscillograms of the voltage

across different components of The power circult arc also

recorded and are given in Figs. (7.54) to (7.56).
7.4 DISCUSSION OV CSI PERFORMANCE
7.4.1 At Registive Load

If at the input of inverter there has been an
idedl current sourceethen current in 211 the threo phases
of load resistance remains same all thevtime,,independent
of magnitude of resistance. But in present base, current

source is not an ideal one because its input impedance is

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



TABIE (7.8)

P

OPE (ATING FREQUENCY MOTOR SPIED
(Hz) (R.P.M,)
1.0.4 250
12,8 | 310
13.8 35C
16,0 400
18.9 485
21.4 550
24,5 645
27.7 75C
32,0 90G
3,7 1¢0C
38.4 1100
41,6 115C

Lo, 2 1290




as well as in all the three phases of load resistance

falls sharply as their magnitudes are increased.

The capacitors used in the configuration of
CSI play the main role in the commutation process of all
the six S5CRs. The charging of these capacitors is dependent
ol the load current which in fact is'affacted by the load
resistance. Thus it is clear that the commutation capabi-
lity of the CSI configuration is load current dependent.
This is the reason for the distortion of current waveform
2t higher value of load resistance and loss of commutation

at a critical value of load resistance.

7.4.2 CSI Fed IM Without Current Fecdback

From the torque-slip characteristics shown in Fig,
16.3(a)] énd56.3(b)},it is clcar that starting torque in
current source inverter fed induction motor is very low,
This is‘why induction motor can net be normally started
aven with 1 p,u, current in the d.c, link., As soon as

wo incrzase the current in the d.c. link to 1.5 p.u, for

hort tim:,motor starts and picks up speed because the

[}

torgue being proportional to square of d.c. link current also
increases sufficiently to start the motor. This can also

be sezen in the above theoretical curves.

The operating frequeincy range in the present

case is found to be 10 - 47 Hz, The upper frequency limit



is fixed by the time for whieh the outgoing thyristor is
to be kept reverse biased. This upper 1iﬁit ¢oan be incre-
ased by decreasing the value of commutating capacitance,
which in turn requires the use of high.voltage thyristors.
To enable use of available thyristors, capacitors are so

selected that upper limit of operating frequency is 47 Hz.

It can 2lsc be noted from the theorctical
curves of Fig.[6,3p]that as the operating frequency increases,
stable zone decrenses and its slope becomes more and more
sharp making operation of induction motor difficult. The
lower 1limit of operating frequency is fixed by the permissible
torque pulsations. These are produced by the interaction
between harmonics of stator and rotor flux linkages. At
low frequencies the amplitude of pulsating torque is more
bacause of the harmonics in the rotor flux linkages 2t low
fregquencies, As we try to load the motor with current
in the d.c. link adjusted to 1.0 p.u., d.c, Jink current
decreases because current source itself is not ablc to
maintain curréent censtant., As n result motor torgue beihg
proportionil to square of d,c. link current decreases very
much and motor hecomes unstable coming to almost stand—
still. When the current in‘thc d.c. link is increased
(> 1.5 p.u.) then at light loads d.c. link current fixes
itself to about 1.0 p.u. and motor is stable., At low
frequencies, stable zone of torque~slip characteristic

-
L

LFigs,3(b)] is less stoep and thus has better operating



slip range. This is why at lower frequencies motor is

able to take 2 little more load,

The quick heating of the motor can be explained
because of harmonics and higher losses due to excessive

saturation in the machine,

7.4.3, CSI Fed IM.With Current Fecedbazk

From the observation tables (7.2) to (7.7) .of
the load fest, it can be seen that current in the d.c.
link remains strictly constant at the set value independent
of the 1oading'of the motor which shows the effectiveness

of the current loop.

In Chapter 5, we have seen that motor line
current is directly proportionsl to the d.c. link curront,
Therofore motor line current should also be constint but
observation tabies shovr thqt for lower frequencies motor
line current remains nearly constant and at higher froegquen-—
cieg motor line currcnt stirts decreasing slowly as we
increase the lodd on the moteor.  The explanation for this
discrepancy is given by Joshi and Dewan [10]., They have
shown that at froquencies higl@r than a critical value,
the serics diodes are forward biascd for a shert interval
other than the usual conduction period of 2n/3 radian.

The conduction of diodes shunts 2 part of the input current

through the inverter leg without nassing through the machine,
g g A O g



7.4.3.1 Stator Voltage Vs Power Outpu£

It can be seen from the observation tables
[(7.2) to (7.7)]that as the motor is loaded from no load
to maximum possible extent, stator voltage remains through-
out constant, which is contrary to the theoretical characteris—
tic[Fig.6,.,8(a)], where wide changes take place in the
stable zone. The discrepancy arises from the fact that
saturaticn has been neglected in the analysis. The magnet-
ising reactance which has been used for the calculation
was a saturated value cbtained from a conventional no load
test at nominal voltage, This value was then maintained con-
stant in the analysis. Although the assumption of 2
constant (saturated),magnetising reactance is reasonable
when the ﬁotor is excited from a voltage source, In case
of current source, operation with a fixed magnitude current
results in operation over a wide range of flux conditions.
Hence tho magnetising reactance changes widely and plays

a more dominant role in motor behaviour,

7.4.3.2 Speed Vs Power Qutput

The characteristics for a particular d,c, link
current at different operating frequencies are shown in
Fig. (7.13%)., The characteristics have a very small slope
and agree very well with the stable zone of their theoro.--
tical counterpart{Fig, 6.4], Since the change in speed

with increase in load is too small to record it correctly,
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~therefore motor performance like power factor, efficiency,
total losses, stator voltage are plotted against power

output instead of slip,

7.4.3.3 Total Losses Vs Power Qutput

The characteristics are shown in Fig. (7.14)
to Fig, (7.25) for different sets of operating frequency
and d.c. link currents, The characteristics start from a
finite value 2t no load and then increases slowly as we
increase the load on the motor., Since we are always oper-
ating in the stable zone of torque-slip characteristic
therefore machine is operating under highly saturated condi-
tion. Total lcsses in the drive ccnsist eof mainly iron
lossesg copper losses and friction and windage losses. At
no load, total losses mainly consists of iron and fricticn
and windage losses which remdins more or less constant for
a given frequency and d.c. link current. As we increase
the load on the motor, rotor copper losses inéroase on
account of decreased value of rz/s which explains the
rising nature of characteristic with load, Total losses
are more for higher d.c. link currcnts at a fix power
output and operdting frequency., This is because sfator
nd rotor copper losses being proportional to square of
current incrcases rapidly resulting in 2 upward shift of

the characteristic.
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For a given power output and d.c, link current,
total losses are higher for higher frequencies because
iron losses being proportional to frequency increase sharply.
As the operating frequency is increased, the characteristic
becomes more and more flat and even bend downward for a
particular d,c. link current and operating frequency
(IR = 5.0 Ampere, £ = 38.4 Hz). At higher frequencies iron
losses being proportional to frequency increases consider-—
ably. On the other hand, at large frequencies rctor
reactance will be mere therefore rctor induced currents
will be less resulting in decrcased rotor cbpper lesses,
As avreéult of combined effect of both factors, propertion
of iron losses as compared to other losses increasc in the

total losses resulting in relatively flat chariacteristics.

70,34 Efficiency Vs Power OQutput

The relevant curves are shown in Fig. (7.26)

tc Fig. (7.31) for different sets of d.c. link currents
and operating frequencics. It can be seen from the curves
that efficiency increases with increase in the power
cutput and after reaching ﬁ maximum value efficliency starts
decreasing because of increased losses, For the same
power output, efficiency is higher for lower value of d,c,
link current becausc total losses are less with less

A,c. link current(Fig. (7.14) to Fig. (7.25)1. Since total

csses increase substantially with increase in frequency
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[Fig. (7.14) to Fig, (7.25)]},thHis is why for the same
power'output and d.c. link current, cfficlency decreases

with increase in frequency.

7.4.3.5 Power Tnput Vs Power Output

The characteristics shown in Fig. (7.32) to
Fig. (7.37) starts from a finite value Y-axis which equals
the nc load losaés of the drive. As power output increases,
power input also increases}almost linearly. The above
linearity is lost at low frequencies and higher power
outputs, For the same power output, power input is more
for higher d,c. link currcnts because total losses are

‘higher, For same d,c. link currcnt and power output, power

input increases as frequency increases because of increased

7.4.3.6 Load Tergue Vs Power Output

The relevant curves are shown in Fig, (7.38)
and Fig. (7.39). As we have seen in Speed Vs Power output
characteristic that variation in speod with'change in
lcad is very very small, This is why Lead torque Vs Power
output characteristics are straight lines., As expected,
powar output is more for a given electrical torgue at
higher frequency of operation. The change in the d,c,
link current does not have any effect on the above charn-

cteristic,
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7.4.3.7_Power Factor Vs Power_Output

The relationship betwecn power factor and power
output is shown in Fig. (7.40) to Fig. (7.45). It can be
seen from the characteristics that at no load the power
factor is werst but it improves with increase in the power
output. At no load power factor is better for larger d.c. link
current because of‘higher losses in the machine, The cnange
in the operating frequency does not seem to have any specific

efiect.

7.4.3.8 Speed Vs Freguency

The characteristic is shown in Fig. (7.46) for
a particular d,c¢., link current and load., The character-
istic is almost linear as expected and shows effectiveness

of speed centrol frem 250 tc 1350 R,.P.M,
7.5 EXPERIMENTAL OSCILLOGRAMS

The various osgcillogroms which arce shown in
Fig. (7.47) to (7.68) consist of four sets, The first set
of oscillograms[Fig, (7.47) to Fig. (7.52)]are at resistive
lcad while the rest three are at induction motor load, |
The first set cinsists of waveforms of phase current,
line current, 4.c¢, link current and inverter input voltage,
The effect of increase of resistance on line current and

line vcltage waveforms is alsc shown,
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The second set Fig. (7.53) to (7.58) ¢onsists
of mctor line current and line voltage waveforms‘alongwith
the waveforms of voltage drop across different components
of the inverter at no load cendition of the metor with the
d,c. link current and frequency so adjusted as to give the

best motor performance,

For the third set[Fig. (7.59) to (7.64)1,d.c.'
link current is kept constant but operating frequency is
almost doubled and the oscillograms of motor line current
and line veltage are recorded to study the effect of change

of operating freguency on voltage and current waveforms,

For the fourth set of cscillograms[Fig. (7.65)
to (7.68)]ﬂ,c. link current and operating frequency are
mdintained some as in the third set but lcad is now applied
to the motor and again line veltage and line current
oscillograms are recorded to study the effect of loading

on voltage and current waveforms,

7.5.1 Oscillograms At Resistive Load

Oscillogranm (1}[Fig. (7.47)]sh0ws the phase
current and (2)iFig. (7.48) shows the line current wave-
forms for small value of load resistance, Both the wave-
forms are of six step and clesely match with the ideal

one shown by the side of the oscillogram.



Oscillograms At Registive load (1)
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Oscillogram (3)[Fig. (2.49)]shows the line to
line voltage waveform for delta connected load which is

same as phase current since loadl is of resistive nature,

Oscillogram (4) and (5)[Fig. (7.50) and
(7.51)] shows the waveform of d,c¢. link current and
inverter input voltage, Iarge harmcnics are present in the
d.C. 1link current because fhe inductor in d,c¢, link is not
very high,

152 1.52b

Oscillogram (6) and (7)[Figs. (&52) and (&S3)]
shows the distortion in line current and line voltage

waveforms when the load resistance is increased,

75,2 Oscillograms at No Ioad Operapion of Induction Motor

A1l the oscillegrams.¥ig. (7.53) to Fig. (7.66)]
are subjected to the following operating conditions of the

notors

INDUCTION MOTOR = NO LOAD
INVERTER INPUT = 38 VOLTS
T.M, LINE TO LINE VOLTAGE = 60 VOLTS

D.C., LINK CURRENT e 3,4 AMPERES
INDUCTION MOTOR LINE CURRENT = 2,85 AMPERES

3-¢ Power = 84 Watts
SPEED = 470 PPM, FREQUENCY = 16,66 Hz.
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Oscillogram (8)[Fig. (7.53) Jshows the waveform
of the d.c, link current which is rich in harmcnics. These

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

Oscillogram (9){Fig. (7.54)]shows the waveform
of the voltage'at the input terminals of the inverter
which on the average is d.c, The voltage spike on the

nezative side is Jdue to commutation transient,
O

Oscillcgram (10)[Fig, (7.55)]shows the waveform
of the voltage drop across the SCR NO 6[Fig. (5.1))of
negative group. From the oscillogram it con be seen that
the SCR conducts only for 120° Auring each cycle, In the
oscillogram, vcltage spikes <due to cocmmutation transient
can be seen at the begining and midway of 120¢ conduction
pericA, The glight difference in the voltage level of
two 60° conducticn pericl is Aue to small unmbala@ncing in

the capacitors of the negative group,

Oscillegran (11, [Fig. (7.56)]shows the waveform
of the voltage acress the commutation capacitor NO 6
(Fig. (5.1)]of negative group. In each cycle capacitor
remains charged for 120° only., For the first 600, capacitor
rending charge 1 in one directicn and for the next 60° in
other direction., The charging and discharging of the
capacitor depends upon the RC time constant where R mainly
censists of the stator winding resistunce. Since R is

very small therefore time censtant is very small and

i



Oscillograms At No Load Operation Of Induction Motor




charging and reversal of the charge takes place almost
instantaneously. This explains the almost vertical
nature of charging and dischargiang portions of the osci-

1logram (11),

Oscillogram (12) [Fig, (7.57)] shows the line
current waveform of the induction motor, The waveform
is six step quasi-square but rich in harmonics, These

present as a result of harmonics in the

A

harmonics are
d,c. link current and commutation transients,
Oscillogram {(13) Fig. (7.58)7 shows the

waveform of line Co line voltage at the input of induc-
tion motor, he voltage waveform is almost sinusoidal
withltransient over voltage spikes super-imposed upon
it, The slight distortion in the voltage waveform is
caused by stator resistance drop, The transient over-
voltage spikes are formed as a vesult of resonant over-
lap angle in the curreant waveform :Fig.7,58(gx, which is
determined by the magnitude of d.c. link current, comm-

utation capacitance ant subtransient inductance of the

machine,

1 1

7.5.3 Bffect of Change of

T

Freguency on Motor Current and

Voltape Waveform

Oscillograms (14) and (15) Fig,?7.59) and ‘7.

60)



LINE
CURRENT |
[

|
| !
| |
| | COMMUTATION
| | VOLTAGE

er TRANSIENT

2m

LINE
VOLTAGE |

Fig.7.58(a)_ Nature of machine line voltage and current
waveforms.



Effect Of Change Of requency On Motor Current And

Voltage Waveform

® ey @un sy ey @y @my e own

- — — — -—— -_— P pre— -—

Fig. 7.4



show the output of the Johnson Counter. Oscillogram (14)

represents 16.66 Hz while (15) represents 33,32 Hz.,

Oscillograms (16) and (17)[Fig. (7.61) to (7.63)]
and Oscillograms (18) and (19)[Fig. (7.62) to (7.64)]show
the waveforms of l1line éurrent and line voltage of induction
motor running at no load anl at the above two cperating

frequencies,

It is noted from the oscillogram (16) and
(17) that at lower frequency (16,66 Hz) the commutating
transients are predcminant resulting in the over currcent
spikes at each instant of commutation. A very small value‘
of inductance must be used in series with each thyristor
to limit %% to a safe value, At large frequency (32 32 Hz)
the commutaticn transients are present only at the instant
of the reversal of the current. The waveform at large
frequency is more near to the ideal cne which is shown

side by side, except for 2 dip in between the 120° conduc-

tion pericd which is alsc Juc to ccmmutation.

After comparing cscillogram (18) and (19) we
find that over voltage spikes due to commutation transient
are present at lew  as well as high - frequencgy but
distortion of the voltage waveform due to these transients

is more at highe frequency,



7.5.4 Effect of Change of load on Motor Current and Voltage

Waveforms

Oscillograms (20) and (21) [Fig. (7.65) ana (7.67))
and (22) ana (23)[Fig. (7.66) and (7.68)] show the wave-
forms of line current and line voltage at no load and at

mederate load respectively.

After compariscn we find that line current
waveforn improves at load because the dip in between the
1209 conduction period decreases. The voltage waveform at
load is also better than at no load because over voltage
spikes due to ccmmutation transients are suppressed to 2

1drge extent,
7.6 CONCLUSION

In the present chapter, the performance of
the constant current-scource inverter at resistive and cage
induction motor load is investigatel experimentally, The
current in thg d.c. link is kept constant with the help of

2 current locp.

The observatiocns 2t raoesistive lcad show that
current~source~inverter is nct suitable for resistive loads
because commutation is depentent on load current which is

affected by increase in resistive load,

The induction motor was operated in the stoble

zone of torque~slip characteristic with the help of current
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loop and load test was performed at different operating
frequencies and 4,c, link currents. The cobservaticns:

of the lcad test are tabulated in tables (7.2) to (7.7).

The operating freguency range for the satisface
tory operaticn of the drive is fount to be between 10 to
47 Hz. The upper limit of cperating frequency is fixed
by the choice of capacitance which in turn is based on
the rating of the SCR vcltage, The Jower limit is fixed
by the permissible torque pulsations, The observaticn
tables 2lso show that loading capability of the motor inc-
reases with the d.c. 1link current, The slight decrement
in the mctor line current at higher freoquencies because of
the phase shift of the fundamental compconent of the line
current due to finite commutation interval cnn also be

noticed from the chservations.

The performance of the drive as obtained from
the cbservaticns is shown as 2 functicn of lead torque in

Figs. (7.13) to (7.46),

The experimental curves show that losses in the
“rive are high, power-factor and efficiency are pcoor,
This is so because induction motor is always operating
in the highly saturated stable zone of torque-slip charact-
eristic. Total losses which mainly consist of iron and
copper lesses increase sharply with increase in d.c, link

current ant operating freoguency resulting in more power



input anl hence in the poor efficiency of the drive, The
effect of change of d.c. link current on powermfactor'is
very peculiar, At Jlight loads power-factor is better with
high d.c. link current while at high 1loads power-factor

is better with low l,c. link current. The operating frequ-
ency ces nct seem to have any specific effect on power
factor, The Load tdrque Vs Power cutput curve is linear
because ¢f very small change in speed with lcad., It is
alsc seen that for a fix power output, load-tcrque is more
at higher frequencies. The speed regulation of the drive
is very good[Fig. (7.13)]. The spced control by change

in operating frequency is almost linear as is clear from

Speed Vs Frequency plot[Fig. (7.46)].

The line current and phasc current oscillograms
at resistive 122d are founl! very nmuch similar to the ideal
one shewn side by sidelFip. (7.47) ana (7.48)]. The oscill-
ograms of line voltage, line current and of voltage drep
across lifferent ccmponents of inverter circuit at induction
motor load cluosely matches with those given in different
papers [15, 18, 30], The change of cperating frequency
and 1oad are also found to have an inmpact on the line current

and line voltage waveforms,



CHAPTER VIIT

CONCLUSION

This dissertation concerns steady-state 2nalysis
of current-source inverter fed induction motor drive, The
configuration of currcent-source inverter in auto~sequential
commutation mode is selected., The constant currsent source
is realized with the hélp of a reactor connected in series
with a controlled-rectifier and a curreht loop which cont-
inuously monitors thc current in the d.c. link, compares
it with a reference input and adjusts the firing angles
of the SCRs so as to maintaln constant current, The guide
lines for the selection of the ratings of various components
of inverter are presented and discussed,which form a basis
for the design of the inverter. The inverter designed
on the above guide lines is fablicated and satisfactory

performance realised,

For the auto-sequential curreat-source inverter,
a suitable firing scheme is developed using Johnson counter
as the basic bleck for generating three phase variable
frequency square wave pulses, The outputs of the Johnson
counter arce maaipulated to produce six sets of continuous
firing pulses of 120° duration with a phase difference
of 60° from on® amother., This firing circuit satisfacterily
oberated the current-source inverter made of 16A, 1200 PIV

rating SCRs feading a 3¢ cage induction motor of 375 W size,



The commutaticn process in the inverter is
divided into three stnges. In the first stage the current
transfer takes place from one SCR to the other. In the
second, current modifies tho capacitor voltages, The
machine currents do not chinge in these two stages, The
current transfer from one phase to the other takes place
in the third stage. The transfer is 2lsc affected by the
machine resistance, inductance and commutating capacitaace

of the inverter,

£

A mathomntical medel which complately represents
the used drive scheme is develepsd in p.u. and an analy--
tical methed for determining s*eddy»state performance has
been set forth, The analytical results of the steady--state
performance of the drive are prescnted as a functicn of
slip. Complete performince is alsc summarised in the form

of curves uas a functicn of load torque,

The exporimental results of the steady-state
performince cf the diive were obtained by performing load
test under five sets of coperating conditicns. The
observations of the load test are given, and performance

curves pletted 2s a function of power output.

The anlyticnl results shew that the torque--
slip characteristic consists of two zones, one with a positive
slope and the other with 2 negative slope. The negative

sloped zone is unstable. The negative sloped zene is



comparitively very small and has a very steep slope. The
slable and unstable zonos cun also be identified in other
charactoristics with the help of torque-slip characteristic,
The machine can be operated either in the stable zone or

in the unstable zone for the'sume terque demond, However

when operating in the unstable zcn2, feoed backs rre

The analytical results show that operation in
the stnble zone will result in more power cutput, less
losses and better efficicncy than the unstable zone,
However power-factor will be poor and stator voltage will
be dangerouslv high, On the other hand the experimentnl
rcsults which are obtained only for operaticn in the stiblc
zon2 show that losses in tha drive ar: high, efficicncy
and power-factor arc poer which results in the reduction
of the loading capacity of the machine by o considerable
amcunt, Tho stator veltages are alss not found high while

cperating in the stable zone,

Th2 bilg diffcrence between the thecretical
and experimental results is only because of saturatic
which is neglcected in the annlysis., Sincovtha flux level
in the machine will be very high while operating in the
stable zone therefore saturaticn must be properly accounted

for in the analysis.,



The operaticn in the uanstable zone corresponds
to nermil £lux level in the machine and therefore will
result in better performance as compared to stable zone
in practical casce, Though operaticn in unstable zone
requires stnbilising feed bocks,even then it should always

be preferred,

The spea2d regulation of the present drive is
found tc be very good., The speed can be smocthly contrelled
from 250 R,P.M, to 1350 R.P.M, by changing operating fre-
quency, The effect of the phasce shift of the fundamental
component of £he line current duc to finite commutaticn
interval resﬁlting in slight decrease in the mctor line

current at higher frequencices is alsc noticed.

The variocus cgcillegrams are found to compare
g T
very well with the standard cnes,available in the literature,
The operiting frequency and load are scen to have an effect
. q

on line voltige and current waveforms.,

8.2 SCOPL OF FURTHER TORK

Further work can be done c¢n this topic under

fecllowing aspectss

« \ ; . . . ) . .
(1; A rectifier inverter scurce has been considered

here to feed variable current and froquency



supply to the induction motor, An altornate
form of the supply scurce like the inverter

cperating in the pulse width modulaticn mode, may

(ii) In this dissertation drive operation in sub-
synchronous speed range only has been studicd,
Drive oporiticon in super--synchronous speed range

can also bhe studied,

(iii) The present work ignores commutation time of the
inverter, Invertor with finite commutation time
should be crnsidered and its effect ¢on drive

nerformance may alsce be studied,

(iv) The present fabrication work has only the terque
contrel loep (current loop) which keeps the current
in the a.c. link constant. In the future work,
slip contrel locp (speed loop) should be incor—
perated, The above two locps miy 2lso be combincd

te yield speed refercnce as a single variable,

(v) The firing circuit developed in the present work
is suitable for twe qudrant operaticn of the drive.
The firving circuit capable of four guadrant operation

of the drive should be developed in future work,



(vi) In the present work only stecady-state performance’
has becn obtrined theorctically neglecting satu-
ration and 111 the harmcaics, The effect of
harmenics (6th and 12th) and the saturation on
tho steady-state performince ¢f the motor should

be studied in future,.

(vii) The effects of variation of parameters on the
performance of the system should also be studicd
so that 2 propor cheice of thyristers and commut-

ating clements can be made,

fa K]

(viii) Since in the currcat-source-inverter fed drives

t
It

stability is the main problem, therefore stability
studies shculd be carried cut to design the system
s0 that system is not only stable but possesses

2 cortnin minimum degree of stability.,
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APPRWDIX'C!

(: START j) J = No, of operating frequen-
1 ' ' cies in p,u. ,

hon

]

- _ M = No. of operating currents
RBEAD, J, M, N '

READ, 103(1§, L =1, M | in I.M. inp.u.
READ, RS,RR,X3, XR, XM RF _ _ X
’ }’{00: mé S N = Yo, of slip speeds
n ; Wy = 3ase frequency in p.u.
l T =0 | | T, = Total losses
{ e PO = Power output
L I=1+1 | PF = Power factor
v
READ, op and A
Corresgponding mSL
L =20 N
[ 2
K =20
. A
j/é A
l K=K +1

Calculate T, T;, PO, EFF,
SLIP, PRA, B, V

'
Print, T, T fyss
PO, EFF, SLIY
RV

Flow Chart For Steady-State Analysis
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APPENDIX D

PAGE: 1
PROGRAM HO 6 '

FHRRFRR A H K TR IR FRRRRFFAR AR R R F RN KRR RR KK FRRFE RN R
STEADY STATE ANALYSXIS OF C(C8I FgED SQ.CAGE INDUCTION KOTOR

*************x*f*********4**********#*##*************g*g**

WE = QPERATING FREQUENCY IN P.U,

FIQS3 = D.C. LINK CURRENT 1IN P,U,

WSL = SLIP . SPEED IN R.P.HM,

U = SLLIP SPEFD 1IN P.lU.

WB = SYNCHRONQUS SPEED OF INDUCTION MOTUR IN R.P.M.

AT BASE FREQUENCY

RS = PER PHASE STATOR REBSISTANCE LN Poela

RR = PER PHASE ROTOR RESISTANCE In P,U,.

X5 = PER PHASE STATOR SELF INDUCTANCE IN P,U,.

XR = PER PHASE RUTNOR SELF INDUCTANCE Il P,U,

X1t = AUTUAL INDUCTANCE BETWEEN STATOR AND ROTOR INP,.U.

RF = D.C. LINK INDUCTQOR RESISTARCE IN P,U,

XCo = COMMUTATING REACTANCE IN p,U,

KERRFRKRREFRRRRERAF R KRR R KRR FRRRKE KA RRRRKAKE KRR EKFRKA

DIMENSIUN WE(4),FIQ5(8),WSL(100),U(100)
OPEN (UNIT=1,DEVICE="D5K”, DIALOG)
APENC(UNIT=12,FILES TS1.DAT”, DEVICE="DSK")
OPEN(UNIT=4,FILE=°TS2,DAT, DEVICEZ*DSK”)
OPEN(UNIT=3,FILE="P53.DAT*,DEVICESDSK”)
OPEN(UNIT=2,FILE="T55,DAT" ,DEVICE=S “DSK ")
OPEW (UNIT=T,FILE="T56 .DAT® ,DEVICES DSK”)
0PENL (UNLT=8,FLLES"TS4.0AT ", DEVICES *08K )
READCL, %), , M, N

READ(1,%), (FIQS(L) ,L=1,M)
READ(1,%),RS,RR,X5,XR, XM, RF,XC0O, B
PRINT* ,J, M,

PRINTH, (FI0S (L) ,L=1,M)
PRINT¥,RS,RR,X5,XR,XHi,RF,XCO, WB

AZXR*XR

B=RR*RR

C=XM¥XM

DOSI=1,

READ(1,%) WECI),(UCK),K=1,N)
PRINT*,WE(T), (U(K),K=1,H)
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PROGRAM NO & '
DOSL=1,M
PRINT10,WE(CI),F1Q3(L)
FORAAT(30X, PU UPERATING FREQUENCY =7,F8.3,5X, FIQ8="F12.3)
NOSK=1,R
WSL(K)=U(K)/HRB
D=WSL(K)*¥aSL(K)
E=D¥A+B
FIDR=WSL (K)*XM*RR*FIQS(L)/E
T=XMa¥FIQS (L) *¥FIDR
TL=FIQS (L)FFIQ5 (L) ¥ (RS+RF+DFCHRR/K)
PO=T¥ (WE(L)=HWSL(K))
EFF=P0/ (PU+TL)
SLIP=WSL(K)/WE(I)
VQS= (RS+WE (1) #WSL(K)¥CxRR/E)*¥FLAS (L)
VDSSWE(I)FFIQS (L) * (~X34+C¥D¥XR/E)
PFASATAN(=VDS/VQS)
PF=COS(PFA)
V=SQRT(VASKVQS+VDS¥VDS)
Z=PU+TL
PIN=VQS*FIQS(L)
WRITE(12,%),SLIP,EFF
ARTITE(4,%),SLIP,PO
WRITE(3,%),SLIP,T
WRITE(B,%),SLIP,TL
WRITE(2,%),SLIP,V
WRITE(T7,*),sLIP,PF-

PRINT*, SLIP,T,PO,TL,EFF,V,PF,C,PLIN,X

PRIWT*,SLIP,PO,V,PF,VQ5,Z,PIN
STOP
END
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APPENDIX B

I.M. and D,C. Link

Jnductor
Rs Stator resistance per phase
R, Rotor resistance per phase

- X I
XS Stator self reactance per phase
Xr Rotor self reactance per phase
XM HMagnetising reactance per phase
R D.C. link inductor resistance
X D,C. link inductor reactance

rxj

= 0,049
= 0,0656
= 1.913

= 1,913
= 1,84
= 0,025

= 3,95
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