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ABSTRACT

This dissertation concems an induction-motor drive
fed from a rectifier-controlled current inverter source. The

use of a sgpeed regulator, p-i current regulator and slip-

speed regulator makes this drive a closcd-loop systeme

~The work in the beginning discusses the steady-sl'.'ate
perfommance of the drive. Effect of variation in load torque
on the drive power output, induction-motor stator voltages |
and power factor, and drive efficiency at different p.us

operating fre_quencies are discuss_ed.

Induction-motor fed from rectifier-controlled-current-
inverter source exhibit instability in open-loop mode of
operation in unstable zone of torJue-speed characteris-
tice However, this is the only region where the drive can
be operated without causing saturation in the induction-motor.
As such speed regulator, a p-1 current regulator and a slip-
speed regulator are used to stabilize the drive. The 'system
characteristic equation is developed by employing the theory
of small displacement and the D-partitioning technique is
applied for parameter coordination which ensure stable opera-
tion Of the drive over very wide range of speed variation

with a prescribed degree of stability.

A method of predicting the drive perfomance as affect-
ed by stator current hamonics is also presented here. Only

the 6th hamonic torgque pulsation phenomenon is considered



(iv)

here 'since only the lowest order hamonic-torque pulsations
can affect the steady-state drive perfomance for practical

speed range and system parameters.

The transients response of the drive is detemined

for all three sets of controller parameters and the optimum
set is finally detemined.
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CHAPTER - . I

INTRODU CTION

1.1 LITERATURE REVIEW

An electric drive baslically consists of an electric
motor associated with control equipment (that may include
a frequency converter, rectifier etc. ) to convert electrical
energy into mechanical energy and thereby to provide a versa-—

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

Nomally among the statically-controlled electric
drives, a d.c. motor, operated under variable speed condi-
tions by a static power controller, is a popular choice. But

the main drawbacks of a d.c.motor are

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

because of elaborate mechanical commutator,
(ii)- accentuated sparking at high currents and speeds,

(iii) limited armaturs voltage rating inherent in d.c..
machines, and

_ (iv) limited amature current “due to commutation problem.

Becausé of the above drawbacks of a ‘d.c.motor, a
suggested altemative is to use a szuirrel;-cage induction
motor, a synchronous motor or a w_tgr, operating
at variable frequency and supplied from a static frequency
converter. The use of a cage induction motor has the follow-

ing advantages -



(1) The cost of the squirrel~cage induction motor is only
about one sixth that of a d.c. motor of the same speed

and power ratinge.

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

motor is about twice that of a de.cs motor.

As a result of availability of SCRs interest in varia-
ble speed induction motor drives has shown a tremendous .
increase and in the recent years many new techniques, suitable
for adjustment of the speed of the a.¢. motors, have been

- developed.

One such method is the variable voltage control by
thyristors [_1,2] used for subsynchronous speed control of the
induction motore. In this scheme, nommally three pairs of anti-
parallel SCRs are installed, one in each line, and firing
angles are symnetriéally controlled to smoothly i‘egulate the
stator voltage of the motor. Thu s, the voltage appiied to the
motor can be varied from zero to full supply voltage. The
operating efficiency of this method is poor and derating is
necessary at low speeds to avold overheating due to excessive

current and reduced ventilatione

Another method for speed control of induction motors,
applicable only in the case of slip-ring type, is variation
of the rotor resistance [_1,3 ]+ 1In this method, a portion of

the input power fed to the stator is extracted from the rotor



and is dissipated in the external rotor resistance with a
consequent reduction in speed. In this method also efficiency

is poor because the rotor slip power is dissipated in resistors.

~Yet another method for speed control o.f the slip ring
induction motor is the static slip power recovery schemell,4;.In
this method slip power is removed from rotor circuit and
utilized externally, thereby improving the overall efficiency
of the system. 1In these cascade connections, the slip power
is either retumed to the supply network or is used to drive
an auxiliary motor which is mechanically coupled to the induc-.

tion motor shaft.

The most versatile method giving efficient wide-~range
speed control is the variable frequency control [ 1,7 Jof the
induction motor. The variable frequency supply alters the

synchronous speed of the induction motor.

Polyphase induction motor used in static variable
frequency drive systems are versatile torque transducers
having operating characteristics and features which meet the
requirements of m'odern variable speed drive systems. Some of
these characteristics are the capability for operation at very
low and high speeds, at high torque and overloads, in a constant
horse power or torque versus spead mode, and in the negative

tordue range for dynamic braking.

The variable frequency operation of an induction motor

is obtained by the use of frequency converter. A frequency
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copverter ie & machine or—equipment--that -can.generate-or convert
" the input supply to an a.c.supply of variable frequency and amp-
;itude, The rotating types qf frequency converter have been used
in past ut now-a-days are cut-dated and are replaced by the

solid-state frequency converterse.
The static frequency converters are divided into two categories-

(i) D.C.Link Converters (ii) Cyclo~converterss

A dece link converﬁer is a two stage conversion devicg
in which poﬁer from the aesce network is first rectified to d.ce
and then inverted to obtain a;c. voltage at variable frejuencye.
This type of inverter can operate over a large frequency range
and is suitable for wide-range speed control drives. However,

this type of inverter employing thyristors, requires additional
commutation circuits andis, therefore, complicated. Also for

regeneration capability it requires additional circuits, and

hence the cost and complexity are increased.

A cyclo-converter is a device to convert directly the
dsCe supply of fixed frequeﬁcy to that of a lower output
frequency and does not require intemmediate rectification. The
output frequency range is limited to about one-third of the
supply frequency and therefore the drives employing cyclo-
converters are suitable only for operation at low frequency or
spead range. However the basic advantage of a cyclo-converter
is its inherent capability of regenerative operation and a
close approximation of the output voltage to a sine wave, parti-
cularly at low freqQuencies, since the output wave is fabricat-

ed from the segments of the input supply wave foms



In general for wide range speed control and where
regenerative braking is not essential a d.c. link converter fed

induction motor is thée best choice.

For optimum motor performance and effective utiliza-
tion of core material, the ailr-gap flux of the induction motor
should be maintained constant. It can be maintained approxi-
mately constant by keeping a constant voltage/frequency ratio,
i.ee varying the supply voltage proportionately as the frejuen=-
cy is varieds However with constant v/f operation, the perfor-
mance of the motor deteriorates at low frequencies because at
low frequencies the influence of stator resistance is increased
and consequently the air-gap flﬁx reduces to some extent.
Hence, in order to improve the low frequency characteristic,
the temminal voltage should be increased more than the propor-
tionate value. The required boost actually depends upon the
design and size of the motor. Further, it can be shown that
the electromagnetic torque is proportional to sjuare of El/fl
or air gap flux, at a given rotor frequency £, [ 17]. Conse-
quently, if El/fl or air-gap flux is maintained constant, the
torque is solely detemined by the absolute rotor frequency.

£, and is independent of supply frequency, £ o

Thus a control scheme in which the rotor slip frequency
is directly controlled while maintaining the constant air-gap flux
El/fl’ the drive can exhibit a precise control and adjustment

of torque at any speed. The air-gap flux of the motor can also



be indirectly detemined by the stator current and rotor slip
frequency fz. In a closed loop system in which £, and stator
current are held constant the drive develops a constant torque
at all motor speed [_1]. Thus with a control strategy in
which the stator current I;, as well as rotor frequency £, are
controlled 5:n order tO maintain the air-gap flux constant high
torque canbe obtained through out the entire range of speed
control. The basic advantage of controlled-current operation
is that there is no necessity of large over current capacity
of the inverter ‘sinée there are minimum current surges and

thus the inverter design is economical.

The rectifier-inverter system have been more popular
in comparison to the cyclo—converte)r systems in a variety of
industrial applications for the purpose of controlling the
spead of a.ce motors by adjusting the frequency of the applied
voltages. There are many problem associated with this type of
variable frequency drive. The problem of drive instability at
low frequency operation is one of the major concems in the
design of rectifier-inverter drive systems which are to operate

over a wide speed range.

The stability study of a rectifier-inverter induction
motor drive has been done by Lipo and Krause [ 6 | by neglect-
ing the hamonic content of the stator voltages and applyihg
Nyquist stability critzrion to the aunall displacement equations

obtained by linearization about a steady~state operating point.



This investigation reveals that system instability can ocaur
over a wide speecd range with improper selection of drive para-
meterss The results are verified by comparing the'predict.ed
system perfomance obtained from an analog camputer simulation.
The regions of instability depend upon various system para-
meter viz. motor and filter parameters and rectifier commutating
reactance. The interchange of energy between the filter compo-
nents and the magnetic field of the motor causes instability

at low operating frequency of this drive.

The stability problem of réctifier-inverter induction
motor drive has been studied by ‘_ F.Fallside employing Routh
Hurwitz criterion [ 7 ]. ‘The instability boundaries are
found to be double valued. The result of the analysis gives
design infommation which allows motor parameters to be chosen
or modified to avoid instability over the wc;rking range of
operation. This, however may lead to a special design or an
inefficient drive. A preferable method which allows standard

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

Most of the solid-stata v“a’;:iable ‘Eiequency power.
supplies, provide a voltage source rich in h‘;:;n;nics-' The
associated problan has been discussed in some details by
Klingshim and Jordan [ 8 7] for induction motor drives. An
important problem is the rotor-speed pulsations. In applica-
tions where uniform speed of rotation is mandatory, such as

machine tool, antenna positioning, and other applications, it



is important to establish a method for obtaining the magnitude

of these speed oscillationse

This problem differs from that of system instability
in that the torque pulsation and the resulting speed oscilla-
tion is a natural consequence of the inverter voltage wave
shape rather than a result of an improper choice of system para-
meters, the steady-state torque pulsation can not be eliminated
completely. In many cases these torgue pul sations define the
lower limit Of the spced range which yields satisfactory sys-

tem performance.

In previous studies considerable attention has been
given to calculating these electromagnetic torgue hamonicse
Jain [ 97] by neglecting the stator resistance has established
a general equation for the average torque for an arbitrary
balanced set of applied voltages. wWard and Kazi [107] nave
derived an instantaneous expression for the electromagnetic
tormue by calaulating thev eigen values of the system characteris-
tic equation. Sabbagn and shewan [ 117] also developed an
expression for the instantaneous electromagnetic torque by
means of the instantaneous symmetrical component transfomation.
Krause [ 12 7] has discussed the effect on hamonic torque
considering continuous and discontinuous stator current modes
of operation for the case of open-loop rectifier controlled-
voltage inverter source fed induction motor drive. In actual

system neither the rotor speed nor terminal voltage is constant



The effect of both changes of speed and changes in inverter
voltage has been incorporated in this analysis by Krausee How-
ever the influence of the 12th and higher hammonics are not
considered. It has been shown by means of a'hybrid compu ter
solution that these higher hammonics do not contribute appre-
ciably in the speed oscillation. In this paper only the
influence of a change in the parameter X 4 (filter curcuit
capacitance) was investigated in dgtail, It is clear that
other parameters also signifiqantly influence the magnit%de of
the 6th hamonic torque pulsation. For example the connected
load provides damping and additional inertia to the systam,
and tends to reduce speed deviation, thus decreasing the torque
pulsations. If the average value of rectifier voltage is
increased, the forcing function of 6th hamonic voltage is
increased, thus iﬁcreasing the 6th harmonic torque pulsatione.
Hence when the system is operated so as to maintain a constant
breakdown. torque, the hamonic torque component increase as
well as average torque cumponent. It was shown that the 6th-
hamonic fluctuations in inverter voltage and rotor speed
have a significant effect on the magnitude of the steady-state
-6th harmonic torques. For practical systéems this pulsation at
low frequencies typically becomeS two or three times greater

than that predicted by a classical constant speed, constant
voltage analysi s.
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Hence such a system is specially suited to operations requir-

ing frequent acceleration and deceleration.‘:lfij .

State~variable steady-state analysis of induction
motor supplied from ideal current inverter source, is done by
Lipo ElG:l . The exact equations defining steady-state opera-
- tion of a controlled current induction-motor drive system are
derived by solving the system state equations in the station-
ary reference frame. Saturation has an important effect on
motor perfomance. The slope ratio méthod was incorporated
to account for this effect and the torque-speed characteristic
detemined. Torque remains very small until the motor
approaches synchronous speed, then rises rapidly.' Similar
characteristic is obtained by Comell El? ]_ experimentally and
by M.L.Macdonald [_18Jusing DQ model. Sharp rise in flux lin-
kage occurs as slip approaches zero. This results in saturation
and high losses in a practical machine. Thus cperation at full

current at-low slip is to be avoided |_187.

Investigation of feasible operating points indicates
that if the motor is to remain unsaturated it must be operated
in the Open-;lOOp unstable region of its torque~slip cha'racteris-
tic, thus, feedback control is required in order to achieve

stable operation {: 16 |-

Subsequently, the controlled-current inverter fed
induction motor drive system was simulated on an analog

computer and simultaneously a 100 HP systeam was built and
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Qurrent source converter for a.c. motor drives has
been discussed by Phillips [[ 137} . An inverter operating
from a high impedance d.c. current source is quite different
from an inverter which operates from a low impedance d.c.vol-
tage source. Voltage source converters merely change line
voltage and fredquency to a setable adjustable voltage and
frequency which is applied to the motor. The métor is then
free to respond within its speed torque parameters as the
application dictates. Unusaal load variations can and often
do, push the motor to its break down point or cause ‘regenera-
tion to occur in the converter by overhauling the motor. In
either case,and ultimately shut dwn or damage to the motor
' or converter results. Voltage source type inverters use auxi-
liary impulse commutation. However recent advances in SCR
blocking voltage capability makes the complementary implullse

commutated current source inverter useful.[ 147]

Current source inverter possess certain advantages

over the voltage source inverters The advantages are

(1) non-inverter grade thyrister can be used

(ii) commutation capability is load current dependenf

(444) inverter can recover from a direct short ecircuit
. across any two of its output temminals.

(iv) the inverter converter arrangemenﬁ is naturally

capable of power regeneration.
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tested in the laboratory ]:14. ] « The control system uses two
feed back loops to control motor slip frequency and torque.
The slip-control loop measures rotor gpeed adds ih slip fre-
quency, and provides the inverter with the correct synchronous
frequency to maintain constant slips Slip control allows the
rotor to be Operaﬁed at instant power factor gyey Whatever
load range is desireds The torue control loop monitors
current in the d.ce. link, compares it to a reference input,
and controls the roctifier bridge triggers teo maintain constant
currente. Since motor torque is px_'OportiQnal to current squar-
ed, this loop effectively regulatlés motor torgues Thus the
overall characteristics of this drive are similar to thoée' of
a series‘d.c. motor. Motor torue is detemmined by the
reference input which makes operating speed dependent upon

shaft load.

The excellent agreement between computer and labora-
tory data demonstrates computer simulation as an effective
method for designing current source inverter inducgtion motor

drivese

The stead-state perfommance of an inverter fed induc-
tion motor drive by means of time-~domain complex variables is
carried out by DeWeNovotny [ 20 7] . "The analysis method and
result presented in this paper provide a simple means of obtain-

ing wavefom information for inverter driven induction motor.
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The steady-state solution foyx a current f£oroed inver-
ter fed three phase induction motor is discussed using Boun-
dary Valve Approach by Ke.Re¢Rao [:21"_1 e 'Te linearity of the
different equations at const>ant slip was utilized for using
the superposition ideas and for obtaining a quick guess in

respect of the initial vectors.

The modelling and design of controlled-current induc-
tion motor drive system is dune by Comell ‘et al [C17 7+ Trans-
fer function approach to the transient response investigation
is fomulated by means of d—;q variablgas in te synchronously
rotating reference frame. The steady-state characteristics
have been shown t correlate within a few percent of the theore-
tical predictions using the state-variable technique by Lipo
[:16_j . Transfer function Hr various input and output is
found out from equations which describe the behaviour of
machine during small excursion about a steady-state operating
point. Fo‘r stability studies locations of poles and zeros are
examined. If an open-loob operation is attempted the system
Will either glow down to zero speed or speed up and operate
in a highly saturated condition. A closed-loop control is
imperative for stable operation. Independent current'magnitude
and slipv frequency control will result in stable operation for
full motoﬂng and regenerative operation. additional system
damping is achieved by constraining slip frequency o respond
to change in d.c. link current. By doing so rated aj,.r gap flux

is maintained in induction motor.
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The frequency response measurements made on a hybrid
computer simulation and actual laboratory hardware establish

the validity of this approach.

Me.L.MacDonald in his paper 1:18 :l presenté a systema-
tic study of the various control loops in a current source
invevrter induction motor drive and their effects on the dyna-
mic response and stability of the systeam. A d~qg model is
developed which incorporats the induction motor and thé
inverter power supply with current feedback. The model is
first used to det‘.erminé steady-state curves to detemmine operat-
ing pointse A linearized gmall signal model is developed to
study stability and provide suitable transfer functions for
various control strategiess A slip speed control stabilizes
the systems Two implementations of flux control were used
earlier by Lipo {17 7] and Macdonald[] 187] are shown to have
little difference. In general flux control has been shown to
further im;_;x:OVe dynamic perfomance and to enable simplifica-
tion of the drive model ises several pole-zero cancellations

are possiblee

The transient response of controlled-current inverter
fed induction motor with independent current and slip frequency
controls, is investigated by B.deFornell and B. Noyes ]:22 ']
and compared with open-loop systems Its transient behaviour
is stable for all operating points, and the control of the

rotor current frequency and the shape and amplitude of the
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stator currents results in a great reduction in the maximum
amplitudes of torque oscillations during starting. Thus, the
constraints impésed upon the converter are less than in the
case of a voltage—fed system. This permits a very fast

response drive without an exaggerated overrating of the static

converterses

A 'simplified analytical model for steady-state analy—
sis of 2 rectifier current source inverter (CSI) induction
motor drive is developed by s.semir |~ 23 ‘1 ~and verified by
comparing computer results with those obtained for the same
sy stem represented in details. The sgimplified model, which
represents system behaviour in .the synchronous reference frame,
neglects convertér hamonics but include an approximation of

: ~ computer
the voltage spikes produced during inverter commutation. Thao/

simulation result demonstrates the usefulness of the simplified

model for the study of control dynamicss

1.2 AUTHOR'S CONTRIBU TION

The author considers a closed-loop induction motor
drive operated from a rectifier-controlled-current inverter
sources It is well known.that such a drive, in the open-loop
mode of operation, exhibits instability in almost entire
operating range. The author has attempted to stabilise theo
drive over very wide range of operating speeds through proper
coordination of the parameters of the controllers. The

controllers used are -
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(1) proportional speed controller
(ii) p~i controller working on decelink current

(1ii) slip regulator.

The author first developes a mathematical model of

drive in per unit system.

Next, in chapter 3, she discusses the steady-state-
drive perfomance, such as power output, voltage, power
factor, efficiency etc. as affected by change in load tomue

at different pe.us. operational frequencies.

In Chapter 4 the stability analysis of the drive is
carried oute The author uses the D-partitioning technique to
coordinate drive paramete‘rs- The controller parameters are
detemined to ensure a certain minimum degree of relative
stability of the system and give similar performance at all

peu. Operating frequencies.

' The subject matter of the chapter 5 is the probl'em of
torque and speed puslations caused due to nonsinusoidal
current wavefomm of the inverter output. A detailed study
has been made to detemine the magnitude of the sixth hammonic
torque, current, voltage and rotor speed pulsations of the

motor when operating under different speed and load conditions.

In chapter 6 the transient perfomance of the drive is

discussed using a nonlinear 5Sth-order state-space model of the
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system under various operating conditions of the drive like
starting, sudden speed changes in both up and down direction

and reversal in the direction of rotation of the motor.

The concluding chapter sumsup the various studies
made in this dissertation and gives a recommendation concem-
ing the best set of regulator parameters to achieve high-{
performance characteristics of the drive. The di ssertatioh

concludes with further scope of future workes
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CHAPTER ~ 2

T™HE MATHEMATICAL MODEL OF THE DRIVE

An a.cs drive, employing the current source converter
consists of a controlled rectifier, a d.c. link filter choke
(without a capacitor bank) and a current mode inverter. The
controlled rectifier and filter choke combine to fomm a deco
current regulator which sdpplies a regulated d.ce. current to
the current mode inverter. A closed loop rectifier controlled-
current inverter source fed induction motor drive is consider—
ed here. A drive structure containing -« pyoyoytlonal: speed
regulator, apei current controller for stabilization of the
drive and a slip regulator to maintainthe xated air gap flux in
the induction motor, has been selected. The induction motor
has been mathematicallyl modelled in its synchronously rotating
reference frame.Complete mathematical equations of the drive
suitable for both motoring and braking operations, have been

systernatiéally developed in Concordia's per-unit system.

241 SYSTEM STUDIED

A diagram of the drive system stud\J.ecf is shown in Fig.
2+l This system comprises of a three-phase power source,
controlled rectifier bridge, a de.c. link smoothing reactor,
a current-controlled inverter (CCI) and three-phase squirrel-
cage induction motor. The magnitude and polarity of speed
error are used to detemmine the d.c. link current reference

values Rectifier output voltage is controlled by a p-i
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controller working on the de.cs link current error. The decCe
link current is used to set the value of slip speed through
the slip regulator. This maintains the air-gap flux in
machine at a constant values The slip speed is added to,or
subtracted from,the rotor speed in order to detemine the
synchronous speed,which then decides the inverter operating

frequencys

2.2 SYSTEM BQUATIONS (In M«K.S.) |

when supplied from a current-controlled inverter the
motor phase currents are not sinu éoidal but are rectangular
in nature and flow for only 120 degrees of each half cycle
{neglecting commutation effec:ts)- _Ideally only two phases
conduct at any instant of time resulting in six distinct
modes of operation of the inverter. Fj.g.’ 242 shows resulting
line currents under the assumption of quasi-steady~state

conditionse

with IR as the magnitude of the current in the d.c.

link and W, the inverter frequency, these stepped currents

exciting the three stator phases can be represented by the

Fourier Series expansions given by equation (2.1),

_2v3

as T

1 1l
Iplcos w t- & cos 5 w t+ mcos 7 wt

1l
1"‘1"008 ll uet o0 oo j

2n

én)_ L en
)= = cos( Su t+ = )

. Y3
s = S5~ Tploos(uyt- 3 5

1 2n
+77-COS (7 wet-"é‘"‘") e s 0 j
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ics = -’-‘-3- IREcos( W t+ %—F- - J—é- cos( 5wet- %-T—t-
.1 2n, . .
+ 7 COS(7wet+ '-3—) ocooc] | coe (201)

The phase éurrent eXpressions can be transformed to
a g€ - a%® reference frame running at the synchr;ﬁnous electri-
cal angular velocity of the fundamental component of the
current applied to the machine stator (i.e. we), The qe‘
axis of the reference frame is assumed to coincide with the.
stator a - phase axis (as) at t = 0. Fige 2.3 shows the various
reference axese The following equations of transfommation
i

will be used to transfom i and ics to the qe - a®

as’ “bs

referente frame,

e _ 2~ 2%
tie =% 3,5 cos 6 +1, _ cos(e_- T ) +
2n
1.a cos(6e+ -3-)]
1,8 =274 _sin e +4i,__ sin(6 - &) (2.2)
ds 3 ="as e “bs e 3 B A

. . 2
+i_g sin(o, + 3-’3-)]

. e _ 1
tos TF [-_-ias tine +ics]

Substitution of i_, i, ~ and i _ from equations (2.1) in

ejuations (2.2) yields
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i € =0

e 2~/"

qs = rl---cos6wt--g—-cosl2wt

e 143
‘..‘.]

/— ’ '0(205
. e _ 23 1 r-l2 24
igg = 57 Igl. 35 sin 6w t- sin 12w t

143
QOD..]

e
¢

Bquations (2.3) may also be written as

e e

i = -=1 _ g

ds T R gs
aoa(2q4~)
joe 22 4 e
ds 1 R Jas
where
gqse=[l-g—~cos6wt- ——2——c0512ut ..1
35 € 143 ‘
00;(2'5)
=E—l Sln6wt“g"4;“Sln12Wtinvol
35 143

If it is assumed that no power is lost in the 4inverter then

V I = (Vas las+ Vbs lbs+ Vcs lcs)

-2 e, e e e (2.
—2 qus lqs ‘f‘vds ids ] .e (2 6)

Substituting the value of iqse, idse from equations (2.4) in

equation (2¢6), the inverter voltage can be expressed as

H¥3 = e e, ., e_ e
Vi TR Lyqs %s *tVas gds] tet (2.7)

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

VRX =VI+(RF+%£ XF) IR oo (2&8)
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where VRX is rectifier output voltage and is given by
VRX=%-§-Vs COS’,“—T%XCQ Ip ees (2.9)
where
Vg = supply line voltage (ms)
XCO = commutating reactance (ohms)
Qa = firing angle
Defining
?'n‘{é' Vg s a =Vgp
Thus
VRX=VR~%-E)(CO Tp - ‘ | vee (2.10)

Substituting the expression of Vox from equation (2+410) in

equation (2+9) results in

> P '
Vv = — o—— see .
r = Vyt (Rp+ 2 xco+wbxF) I, (2.11)
The induction motor can be adequately modelled using a
two-axis representation developed from the generalized machine

theorye. Several assumptions are required in order to use this

rclatively elegant representation. These are as follows

(1) The 3-phase stator windings of the motor are balanced
and sinusoidally distributed in spaces

(ii) Rectifier output voltage is pure dece

(iii) No saturation occurs and thus superposition theorem is

applicable.
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(iv)  The switching transients in the inverter are ignored i.ee

the commutation period is negligibles
(v) There are no core losses in the induction machine and all

solid-state devices are assumed to be loss free.

The motor can then be described by the following fourth-

order matriXx equation

r " ~ W W - r
e P e P e e’
v C %+ =X — Y — W —— Y i
ds s ub s wb s W, “m wb m qs
W ) '
e e P e | e
v = e w—— Y Y + ==X - ---X” —— : 1 o.-(Zel?.)
ds w, s s W, s W LWy xm ds
W
o) E_.xﬁ §Z.X vt~ X _§ZX § ©
b Wy T W, T W o'r ar
. P S b e
Q _.;S.Z X —— X - X r +-—X i
- i “b m W, M Wy r S Uy r.J L.dl:‘ |

Here Wo denotes the angular velocity of the synchronously
rotating reference frame, while wr'the equivalent electrical
angular velocity of the rotor. w represents the base or
reference angular velocity'ﬁsed to establish a per-unit

sy stem (wb = anb). Further,
g = U - W, ER/sec eos (2.13)

The electromagnetic torgue equation of the motor is

-2 P 1 e e e e
T= 5 'Q"Jg'xm[:iqs igp = 13 iqp 4 ees (2.14)

where P = number of polese.
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2.3 EQUATIONS IN THE CONCORDIA'S peusSYSTEM

From equations (2.1),

Y3 L oo L -
1,6 = =1, Lcos gt = = cos 5wt +7cos7wet

:]1-41'- CcOs 1l w tooo]

Let the rem.s. value of base current on machine side be I, amps.
per phase ( subscript b stands for base). Maximum value of this.
base current 13\/.2_ Ib ampse Defining 1 peus dece link current
(I;,) as that current which gives 1 p.us machine phase currents.

Thus, from above equation

._ 2/"
J2 I, = == I,
v
_v2
Hence I, = - I, eee (2415)

Unit power on inverter side = Vip T1p

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

power factor conditions ) where V

Ib is inVerter base voltage-

and Vb is machine basec voltagee.

Equating powar on inverter side to power on machine side for

finding out inverter base veoltage, assumihg lossless inverter

Vip I1p =3 Yy I
3v, 1
Hence vIb »= --a-—}?--—p- ' see (2-16)

Iip
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substituting the expression for I, from equation (2+15) in

equation (2.16)
3v._ 1

VIbz—_._P__.E_ 2\/3
\ffznlb

3 Ve

T

\'

b

\"/
Base Impedance on machine side = I—b-
b

Base Impedance on inverter side = ——

it

il

Base torque (Nm) = Tbase
G

2n £,/P/2

- where f,) is base frequency in Hz.

Dividing both -sides of equation (2.11) by Vip

v \Y% I, I
B ="—I+(Rp+'3"x *E—XF _..R.. xR
Ib Ib ‘Ib 'Ib

L ! 1 t t 4
or Vo' =V, 4-(RF +Xo TP Xp ) Ig

Dash shows various quantities in p.u.

see (2;17)

eee (2.18)

ses (ZQJQ)

eee (2.20)

veo {2.21)
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o

In Concordia's p.us system p = with w, =1 and T = 2nf; t p.u.

T b

Q,

time-

Considering equation (2.1)

2v3

- 203 L L S L
1,57 == Iplcos uw t- 7 cos 5w t+ 7 cos 7 w t- 77 cos llu t

Dividing both sides byyv/ 2 I,

i 23 1

as _ R

\/E"Ib n V2 I

1 1 _
[cos w t= T cos 5u t+ 7 cos 7wt

1 cos 11 Wt veses ]

11
or-
t = ! .]-'-. ' ;- -
i,, =Ip [cos u,t- 5 cos 5wt = cos 7wt |
l i .
‘i"]:' cos 1l Net 'ooco] se e (2022)

Similarly other ejuations can be written in p.u. and are

given below

v, e e el e
VI -~Vqs gqs +Vds gds vee (2023)
1
iqse = IR' gqse see (2024-)
e' _ .1 e ' :
ids = IR qu s e (2025)

equations (2+12) also can be written in peu. as follows -
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;, e’. ’r'* X 4 W IX ] D X t W ! e i e‘
as s’ Phg e s m e as
a' - ! 1 ! f oy I ! ! ' e!
Vas Ye xs ¥s +'pxs Ye %m P xﬁ ids
- ‘ ..0(202\‘)
- ' ' 1 ' ' tyy e!
0 P Xy W Kl Y X Ugr Xy [ iqr
b ' ' 1 - 1 1 t ' e!
LO Yo' Em PR Ugp Xp Ty X, ) tar |
Now considering eqguation (2¢14)
T o=2 Bloyp ey e_; e, e ves(2427)
e o 2(%)&n ds “dr ds ~qr st :
, | 3V I,
Dividing both sides by Tfas ileece
E © 2n fb/P/2
To=x 3, 8 1,8 -1 ¢y '] | (2.28)
e *n L2qs dr ds qr ceshEnes

In the above equations dash variables are used to
differentiate between peus system and MsKeS. system Quantitie'
In the succeeding chapters the dashes will be dropped out for the
sake Oof notational convenience and it will be remembered that

all equations are in the Concordia's psue system with motoring

convention.

244 EQUATION OF MOTION

Bquation of motion is given by the following expression

(in MeKo S.unit).

;__a_E_ =T - T ese (2029}
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where i
J = polar moment of inertia, kg--m2
P = Number of poles

w_, = Speed, electrical radians per .second

t = Time, seconds
Te = Electromagnetic torque, Newton meter
T, = Load torque, Newton meter
Dividing both side of equation (2.29) by Tbasé (equation 2.20)
on £ du_ |
2—J _ b L = Te - TL sae (2030) k
P°/4 . .G dt
where
T, and Ty, are in p.u.
The inertia constant Qf theb machine H in seconds is
given by
1 “W (2
39 (=)
H = ¢ p/2
‘ G

where W  1is base angular speed in electrical radiang/sec.i.e.
Wb = 211; fbo

Rewriting equation (2.30)

W
Wy (2
2 Lo (=2 o
2 P/2 d( r) =T - T
G at  “p ¢ L

W
d ry
or dmfHF(g) =T -7

d =
or 4n fb H a-'? (wr') = P - TL o.-(2031)
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W

where T = 2¢ fbt and “r' = L

As before, for notational convenience wr’ is written

simply as w. and hence,

4n fprWr:Te— TL ese (2432)
where p = 2%;;

2.5 CONTROL STRATEGIES
The difference between the set value of speed and actual

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

currente.

/

® o * %%
IR - Ksp (ur— Nr> . .po(2o‘/5)

where u:_( and wr are in p.ue.

o x
Ksp is the proportionality constant. ~Ip should not be

more than a set maximum value Imax as snown in Fig.(2.4).

The controlled rectifier output voltage is dependent
upon the d.ce. link current error (i.e. difference between the

set value of d.c. link current andactual d.c. link current), thus

‘Kc(l‘PTNbp) x

Vp = (Ip- Ig)
Ub jo)

vee(2.34)

The air-gap flux of the induction motor must be controll-
ed to give improved perfomance of the drive. There are several
methods for flux control, vize.direct flux sensing, voltage sens-

ing and current-slip frequency control. The last method is most
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suitable for the present case because the motor current can
be eagily controlled by the current-source inverter. For
constant V/£ ratio slip speed (peu.) is merely proportional

to dece link current and is given by

NS[ = KS{ IR 000( 2435)

Where st is the proportionality constant. wsf is reélly not
proportional to IR for smaller values of IR due to the magnetis-
ing current component (Figs 2.5 ). with an approximation Wy
will be considered to be proportional to I, for the entire vange
in 1, C 18 7]. The relationship between 1, and Ws depends
upon machine parameters and does not depend upon peu. operating

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

synchronous speed is given by

b.)e =‘-Nrius[ 003(2.36;

Where positive sign for “sf is taken if (wif - wr) is
positive i.e. for motoring operation and negative if (w;( - wr)
is negative i.e. for generating (braking) operation.

2e6 SYSTEM PARAMETERS
The specification of the induction motor selected for

illustration is as below [_ 16 ]
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Motor name plate data

- 18.6 KW
4 pole
3-phase Y-connecteaed

Wy = 314 rad/sec

Jrotal = 0.31 kg'—m2

Viated = 230 V (remsse)
Irateq = 04 A (Z'Qm's')
rateg = 11844117 N-m

. t T

Motor and filter parameters

MeKeSe(ohm) Dol
Y, 0.079 0.038
LS 0.041 0+020
X 4,793 20310
X, 5.002 2441
X, 44542 2.189
X | 5. 500 1.453
Ry 0409 0.0240
%o 0.063 60,016

31
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Base Quantities

vbase = 132.8 volts
Iase = 64 Anps
Tbase = 16404 Ne~m

2, = 2.075 omm
éIb = 3.78 Ol’m’

H = 0elb sec,

2.7 CONCLUSION

The mathematical model of the current-source inverter
fed variable speed induction motor has been developed in the
Concordia's psue. systeh in this chapter. The induction motor
equations are written in a synchronously rotating reference
frame under Quasi-steady-state conditions in its® stator
éi rcuits The air-gap flux in the induction motor is proposed
to be held at réted value under below-rated speed conditions
of the drive by a slip regulator. A proportional speed regu-
lator, working on the speed error, will set the d.ce. link
~ecurrent references while a p~-i controller is proposed to main-

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

Using this mathematical model various asgpects of the
drive perfommance, such as steady-state perfomance, stability
analysis, hamonic torque pulsation, transient perfommance

are investigated in the fbllowing chapters.
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CHAPTER - 3

THE STEADY-STATE ANALYSIS OF THE DRIVE:

The introduction of controlled-current inverter employ-
ing thyristors has made the use of variable speed induction
motor drive teéhnically attractive. In this chapter ‘Ehe
steady-state drive equations are first developed using the
mathematical model developed in the previous chapter. The
steadyéétate perfomance of the drive is detemined and the

results are discussed.

3+1 STEADY~STATE EQUATIONS
Following additional assumption, in addition to those
in the mathematical modelling, is made to drive the steady-

state eQuations of the drive.

The effect of hamnonics is neglected. Thus only funda-
mental component of a.c. is considered (i.e. gdse = Q and

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

Under steady-state conditions the machine variables
in q® - @® reference frame and d.c. link variables are cons~
tants. Hence, in this case substituting differential temms
as zero and also substituting gdse = 0 and qqse = 1 equation . .

- (2.21) to (2.28) can be expressed in the following fomm -

Veo = V1o +(RF "xco) Iro eee (3.1)
—_ e .
VIO —'Vqs) eee (302)
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tigo. = Igo o ees (343)
1dsoe = 040 | cee (34)

vqsoe~ r'Ys w X 0 w, X 7] r—iqsoe ]
vdsoe =|"¥Xs Ys - X 0. idsoe eee(3.5)

0 O Ygffn Vr “efXr iqzoe
0 L:-usyx 0 - fxr . idroeJ
] 4L
Te =%, Cigee” fapo-d .es(3.6)
= TL

we‘is ratio of the applied electrical frequency to the base
frequency. It can be interpreted as the per-unit operating

frequencye

From equations (3.4) and (3.5)

e _
Vgso = Vs iqso

e
e +wexﬂ'\ idm ro(307)

- .e e '
b Yr lqro + bJS[ Xr idm 000(308)

o
]

. e e e
-qu )gn lq - wsf Xr 1q + ‘l’r id 000(309)
From equation (3.8)

i e.—._f.sﬁ,ig

qro L idro

...(3.10)

Substituting value of i__ © from equation (3.10) in equation

dro

(3+9) and solving for idro

X r :
1, @ = of m e vee(3011)
aro (ugg Xg) m)z fas
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substitution of the expression for idme from equation (3.11) in
equations (3.7), (3.6) and (3.10) respectively, gives the

following -~

2
e \-_Y'Pwe “sf (%) Tr i ©

v = 000(3012)
ds0 s e P4 qds0o
(ugg X7 + (v
2
W Y.
T, =2¢f Xm? r__ iqsoe)z eee(3.13)
(wggk ) or (rp®
2
(w p)" %X _X
iqme e SY g m ziqsoe ) .‘00(3014’)
(ugg X )°Hx) -
Rewriting equation for vdsoe from equation (3.5)
e = e e - . e [ KX [ ] A

Viso Wy X iqso W, X 1qro (3.15)
Substitution of the expression for iqme from equation (3.14) in
equation (3.15) results in

’ 2 2
Ww(wp)®xX X
e — e sf r e
vdSO = L-uexs + 5 ]iqso eee(3416)

( ws(xr) °+ ( )

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

coincide with ag phase axis at t = Q.

Hence, 6e =u, t

- e
j’as = iqs cos Qe

Vas =/(Vqsoe)2 +’(Vdsoe)2 000(3017)
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e

Power factor (lag) = cos [:tan"l (=~ -—9-—6-0—5—— )] vee(3.18)
Vaso
Rewriting equation (3.1)
Veo =Vio * (RF +xco) Ioo eee(319)

Substitution of the expressions for Vio and I o From equations

(3.é) and (3.3) in eguation (3.19) yields

e . e .
VRO ==Vq50 + (RF +XCQ) lqm oaa(3020)

Copper losses of the Drive

e 2
gso’) eeo(3.21)

Copper losses in induction motor stator = v (i
. - - e,e e,2
Copper losses in induction motor rotor' = rrL (i) +(iqro Y|
cee(3.22)

Substituting expression for iqme

expression for :i.dme from (3.11) in equation (3.22)

from equation (3.14) and

52*2? 2 (ge”)’
(_wsfx)«f(r)

. 2
Losses in de.c, link = RF IRO

Copper losses in rotor =

a.zbstituting the expression of I from equation (3. 3) in above

equation gives

Losses in d.c.link = Ry(ig )2 : vee(3.24)

80

Ignoring the iron friction and windage losses total losses are

determined as follows =
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Total losses in Drive = losses in induction motor stator +
losses in induction motor rotor +
losses in filter

2 2 , :
= [ +R, + Ye ()" %o 1, ©)° ese(3.25)

s 2 2 ds0
(weg X"+ (vp)
Te - Yy

Efficiency of the drive =
Te wr+ Total losses in drive

Te (we - wsf)

i

Te( ue-us[)iv- total losses in drive
ees(3.26)

Power Output = Te W,

Te (we - ng) -.0(3027)

3.2 RESULT AND DISCUSSION
In this section theoretical results concerning the
steady=-state perfommance of induction motor drive are discuss-

ede The computer programme is given in Appendix < 1l.

For detemining the drive perfomance the values of induc-
tion motor stator voltages, power factor, torque, power output
and efficiency can be calculated for different peu. Operating
frequency and slip at any particular fixed value of the d.c.

link (stator) current.

All the perfomance characteristics are plotted with
respect to torque i.e. stator voltage vs torgue, power output
Vs tormque, efficiency vs torque, power factor vs tomue,

- total losses vs tormue, and slip vs torque.
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342:1 Induction=Motor stator Voltage vé Torque

The characteristic curves are plotted in Fig.3.2. Corres-
ponding to each value Of, torque there are two values of stator
voltage one ;n positive - slope (unstable) region and another |
in negative - slope (stable) region of torgue - slip characteris-
tices In the stable 2zone of torque slip charactéristic of
induction motor, the range of operating slip is very small but
the stator voltages are very highe. Thus machine operation in
stable zone is not pemissible due to high saturation. Stator
voltages in unstable zone of torque slip characteristic of
induction motor are not high. However,open-loop operation in
unstable zone is not possible. With the heip of feed back,

operation in unstable zone is possible.

As psue. oOperating frequency isvdecreased stator voltages
in both zones décrease. In the graph stator voltage-torgue
curves are plotted for four different p.u. operating frequencies.
AS peu. Operating frequency decreases the difference in voltages
in both zones also decreasess Thus the machine is highly satu-

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

54242 pPower Output vs Torque

The power output vs torue characteristic of the drive
for different peu. frequency of operation, are shown in Fig.3.l.
As expected, the power output is mo;:e for a given electrical
tomgue at higher peus frequency of operation. For any peues
frequengy of operation, however, the output power is less for

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

losses (core losses are ignored).

5.243 Drive Efficiency vs Torque

The relevant curves are plotted in Fig. 3.3, For each
value of torque there are two corresponding efficiencies one
for operation in stable zone of torque slip characteristic and
another for operation in unstable zone of tomque slip character-
istice 1In stable zone efficiency is high while in unstabie
zone efficiency is comparatively low. 1In stable zone
machine operates under highly saturated condition which will
lead to high iron losses. The iron losses, however, have been
ignored in the calculation. Thus Fig. 3«3 shows higher effi-

clencies under stable zone compared to reality.

As peu. Operating frequency decreases the efficiencies
in both zones decreases and the difference between efficlen-
cies in the two zone starts increasing at a given peus freque-

ncy of operation.

3.2.4 power Factor vs Torque

The relationship between power factor vs tormgue is
shown in Fige 3.4. Just as in the preceeding case for each
value of tomue there are two values of power factor, one
for operation in stable zone of tordque-~slip characteristic
and another for operation in unstable zone of torque slip
characteristice Power factor is poorer in stable zone and

good in unstable zone. For any peu. operational frequency
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(uw,) trend of curve is similar to induction motor, at a cer-
tain critical slip power-factor is highest and on either side

Oof this slip power-factor reducese.

As peus Operating frequency decreases power factor
improves in both zones. For a particular value of slip an
increase in operational frequency means higher stator and

rotor reactances, thercby poorer power factore.

34245 Total losses In Drive vs Torque

Fige. 345 illustrates the relationships between total
losses and torque. For one value of torque there are two
valuespf total losses, one corresgponding to stable zone of
torque=slip characteristic another to unstable zone of torque-
slip characteristic. Losses in unstable zone are more com—
pared to in stable 2zone. This is because in analysis iron
losses are neglected. In stable zune, due to saturétion,
there are more iron losses.while in unstable zone due to

higher slip of operation, there are more rotor copper lossess

It is observed that on varying pe.u. operating frequency
there is no variation in total losses i.e. total copper losses

do not depend upon peu. operating frequency.

542,64 sSlip vs Torque 378 PP

PR T TP

The characteristic curves are plotted in Fig«3.6.. For
.
each value of tormue there are two values of slip, one in

stéble (negative~sloped) regiun and another in unstable
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(positive sloped) region of operation. In unstable zone of
operation slip i:@ large whereas in stable zone of operation
slip 1s small when p.u. operating frequency decreases the
slip increases. The magnitude of pull out torque remains
constant but corresponding slip increases as p.us operating

frequency decreascse
343 CALCULATION OF Kg

stator voltage~slip curves for different d.g. link '
current under rated speed setting (ue = 1 peus) have been
detemined and plotted in Fig. 3.7. For each current sett-
ing, the slip for rated stator voltage has been identified.
The dotted line in Fig. 3.8 shows the exact variation‘of
de.ce link current as function of slip speed in order to
maintain rated stator voltage under rated speed setting
(isee for maintaining rated flux in the indication motor

at every psU. operating frequency).

It is noted that, eicept for beginning part, Ip Vs
gy cuIVe is very nearly linear, though not passing through
the origin. Initial non-linearity ls due to higher percen-
tage of magnetising current. The exact relationship between
Ip Vs Usf' is replaced by an approximate relationship as
indicated by the straight line passing through the origin
and its slop (“SQ/IR) is defined as Ks[. such an approxXi-

mate representation is necessary to develop a lineared

mathematical model for stability and hammonic perfommance
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study. The gain st determined here, is a characteristic
constant of the induction motor. This value of Ks[ decide
the gain setting of the slip regulator to maintain rated

flux in the air-gap of the induction motor.

5+4 CONCLUSION

An analytical method for detemmining the steady-state
performance of the drive with the induction motor supplied
from current-source inverter has been set forth in this

chapter.

The torue~slip characteristi¢ indicates two regions
of operation, one with a positive slope and the other with a
nagative-slope« The positive-gloped portions of the torque-
slip characteristics are well known to be inherently unstable,
80 open~loop operation of drive is not possible in this zone.
With the help of feed back the dfiVe can operate in this
zone. The negative-sloped region of the torque-slip
characteristic is inherently stable and drive can operate
in this region without any feedbacks. Since the breakdown
torque occurs at the very small slip, thé negative-sloped

region of the torue-slip characteristic is small.

The voltage-torque characteristic shows that in the
stable zone of the torue-slip characteristic the induction
motor stator voltages are 'very high. 8o drive operation is
practically not possible due to excessive saturation iron

losses and magnetising current.
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In the unstable zone of the torgue slip characteristics
stator voltages are small and induction motor power factor
is good in comparison to that in stable zone of the torque
slip characteristic. Drive efficiency is good in stable
zone in comparison to unstable zone because in the analysis
iron losses have been neglecteds Drive will operate at
higher slip in unstable zone in comparison to stable éone
and the power output is more in stable zone in comparison to
unstable zone. = Total copper losses in the drive are more in

unstable zone in comparison to stable zone.

A psue Operating frequency is decreased induction motor
stator voltages reduces, power factor improves, drive effi-
ciency and power output reduces, the total copper losses in

the drive remains same.

Since it is advisable to work under rated f£lux condi-
tions closed loop drive is proposed to equipped with a slip
regulator. thch will vary the slip speed proportion to dec.
link current for all p.u. frequencies of operation. The
proportionality factor (st) is an absolute constant and
depends purely on the machine parameters. It's value has
been calculated for subsequent use in the close loop opera-

tion of the drive.
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CQORDINATION OF DRIVE PARMETERS FOR SYSTHM

STABILITY

In this Chapter a compact expression for the system
characteristic equation is derived from small displacement
theory and then, by applying the D-partitioning technique, the
stability boundaries are detemined in the plane of two
adjustable parameter of the drive. The open—-loop system is
unstable while.the closed loop system is stable if systam
parameters are' selected properlye The values of these para-
meters are so chosen that system is not only stable but also

possesses a certain minimum degree of stability.

4.1 SYSTEM EQUATIONSUNDER SMALL DISPLACEMENT THEORY

The small displacement theory was initially employed
in the analysis of stability of electric machines by Park[:24,25_1
This theory enables one to establish linear relationships |
between the machine variables for small changes about an
operating point. The small displacement equations are not
valid for large excurssion of the variables; however these
relationships offer a means of investigating systeﬁ stability

when used in conjunction with the D~partitioning technique

{26,277 .
The following additional assumption, in addition of
those in the mathematical model is made for applying small

di splacement theory.
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The effect of hamonics is ignored ie«e. the effect of only
fundamental current of machine is c¢onsidered and hence

gqse =1, gdse =0 [ in equations (2.24) and (2.25)7] .

Using equation (2.21) for all perturbation about steady-

state condition

' +(RF+X

RO =VIO I 000(401)

Co) RO

P : X 'y .
Voot @ Vg = Vit 8 Vit (RP+ ta® XF)(IRO+ A Igee (4.2)
substracting equation (4.1) from equation (4.2) gives

= ‘ ) | eeel 4o
aVp = 4V +-(RF+.XC‘ *p Xp) Al (4.3)

BEquations (2.26) are rewritten as

e _ ~ ' e
v -~ ("s"' p XS) iqs

) e’ . e
ds +p Xm iqr +w X i 000(4-"4-)

e “m “dr

e
- s e : e
0 =pxX igs +(Yf+pXr) igr * Ysg X dg, vee(4.5)
- e,. "3 e i eooo .
0 = Yef % tqs “sf Xpedgr * CeptpXp) dg, (4.6)

Frcm equation (4.6)

. e _
igr =

' e
u g " E- US( )S_n iqse“l‘ (Tr+ P Xr) idr ] ves (4‘n7)
S r

Substituting the expression for “sf iqre in equations (4.4)
and (4.5) from equation (4.7) yzield
X
> m e
~ = o et — ———— . ""‘,.
wsﬁ Vys wsﬂ E_Ys-»-t- p(Xs_ } xr):[ igs
P Xy, ¥, ceo (4.8)

‘ ‘ . Vr 2 e
(“sﬁ/ W, Xy * -»—»-—-wi-—x tp X ) igp
*r
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0 = [13’«&-‘-]1 C+Cw x+1?f-+ (2 v,)
AT X qs f “r oy P r

r r

+p2 Xr]idre es e (4.9)

substituting g. € =1 and g, € = 0 in equationg(2.23) to (2.25)
ds ds

as the effect of hamonics in machine variables have been

neglected.v
v, o= vqse | | oo 4410Q)
iqse =1, eee(4e11)
g% = 0 eea(4012)

From equations (2¢21), (4¢10) and (4.11)

- e ' . e
VR = Vqs + (RF+ XCO+ P XF) lqs 000(4013)

From equation (4.13)

e = -

qs +p XF) i © | 04-'(4-14)

XCO ds

Ssubstituting the expression for vqse from equation (4.14) in

equation (4.8) results in the following equation and rewriting

equation (4.9)
| X
= K C——— i e
ugy Vg = “sf'b's+ Rpt X+ p(Xpt X~ 7 ) 1igs +

X Y.

(Usf (de Xm"‘p mx r +p2 )Cn_‘) idre 009(4015)
r
2
Y. X W R
0 = " iye *E“sf X + . +p(2 v,) +
r
2

|9 xrj idre 000(4016)
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Certain tems involving fixed value of machine vaxiables have

been renamed as follows

Xm Yr Yr_
Ys+ RF*I'"XCO = R, | "'-"::—' = RA’ )"C';"“’ = RBp e Tr = RC’
x ©
m
X +X = = X 000(4017)
F s X, '

Ssubstituting for various expressions as defined in egquations

(4417) in equations (4+15) and (4.16) results in

o 2
ugg Vi = Ugp(R+ pX) iqs"'(“[“ x+pR+p Xo) ig o eee(4.18)

e 2 ' , e
° Sf A qs + (NSI xr* RB+ p Rc-y"" pzxr) 1dr 000(4019)

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

(wsyo-f- L\usf)(v.Ro-)- Vo) = (wsfo+ Gusg)(R+ pX)(iqsoe+ aiqse) |
+ Bwsfo+ &NS[)(MQO'? Aue) X.m +

2 —

”' i e e
QSYO.VRO— mSﬁO R .'qu SﬁO 'eo m drO 0.0(4021)
— i e 2
Rg+ p R+ pz,x ]Eidm * éidre] veel422)

e

-ws[o RA iqSO 4‘( g X + RB) ldro .00(4-023)

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

second order quantitices
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- e e
ws{o L\VR = wS(O(R-P pX) L\iqs + (wsfo weo xm+ P RA+- p%(m)uidr
e ' . e e
* Ysfo laro *m Mt (R taso T Yo laro %
VRO) Qwsf . sse (4-24)

Subtracting equation (4¢23) from equation (4.22) and ignoring

second-order quantities

Q

~

2 2
2 - e . e
0 “sfo Ra Mgt (“’sﬁo X b Rg+tp R +pX ) 0dy " +

e e
(2 wS{O idro Xr— RA iQSO ) 0“8( 000(4025)
Rewriting equations (3.6) and (2.32)
- . e e ‘
Te - Xm lqs j'dr
’ ) 000(4.25)
=T, *+4n £, Hp 6

Above equations for small perturbations about steady-

state dperating point and steady-state conditions result in

]

) e\ . e (=] e
Teo T9 T Xm(iqso * m‘qs Midro M 0“Ldr)

’000(4026)
=T ot AT+ 4n £ Hp (um-r Au_)
= e e
Teo xm i'qso *dro
= TLO _ v } v-voo(4027}
Substracting equations (4.27) from equations (4.26)
- e e e )
ATe = X (iqso, algy *+o iqs ‘dro )
} ver(4.28)
= .0 TL + 47 fb,H o} wr



Substituting the eXpression for & w, as

AW =OW - Ou
r a sf

in equation (4.28) gives

- 71 e e e [
a're-x (1 +a04i idm)

m \lgeo @ tar as

=0 T +4n fpr(Awe—AuS[)
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} "'(4'29) |

Rewriting equations (4¢24), (2+25) and (4.29) in matrix fom

] ) . e - e

1 ‘ 4ﬂfpr

- -4

2

~ e -
wsfo(PH' pX) “s;?o Uy X+ “’sfo idm X
PR, ¥ % X,
~Ysfo Ra “sfo Xt Rgt 0
PR *pzx
e c e r ‘

X idm .xm iqso -4 fpr

T 1T e e -

0 Rizeo T %0 1300 Xp = VRo |

-

M’qs

Further rewriting equations (2.35) to (2.36)

® ( x

Ip = Kgp LUp = wp)

v =ch(l+T°‘b P)  x

R (IR" IR)
W, P

wsf? "st IR

®

|t

-~
“sffo

eee(4.30)

«es(4.31)

oo.(4e32)

ees(4.33)

es(8.34)
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From equations (4e31) to (4.34) for small perturbations about

steady-state operating point

*® X
Fa) IR = KSp (A wr - A wr) 009(4035)
Ko (l + T W p) %
oV = b (01 - a1 eee(4e36)
R R R \
wb P
a we = 4 wr I A UJSZ 000(4”:37)
TAY US[:': KS( A IR '.o.(4‘o38)

*
R

for & 1, from equation (4.11) in equation (4.36)
KC‘(J' + T Wy p)

Substituting expression for o 1¥ from equation (4.35) and

AV, = (K a ua(—-K O - O e)o-o(4—c39)

R sp r sp r ds

Wy p
Substituting expression for 4 w_ from equation (4.37) in
equation (4.39)

K(1+Tuwp) X
(o] b e
DV = -— - -— " e -
7 o [Ksp o Ksp(oue Qws() od ] eee(4.40)

Substituting expression for o V_ for equation (4.40) in

R
equations (4.30) and rearranging the temms

N : 1r 7
“sfotﬁ+p xr “sfo Yeo Tnt wa{o[}droe o * ay ©
Kg(l+ T ubp)] p RA+ pz&n Ksp. Ke(1+T ‘*'bp)] 4s

(db P ubp
~“sfo a usfoaxr+ Ryt o oi. ©
p Rgﬁ- p2 Xf | ar
e . e
X id;o % g eo - 4n £ Hp & w
| ] 17716
! GURL LIGRARY Doy 6F SCORKE: b

RELRRLKL




[ (1+Tw p)- T
o sfo — - Riys0 Meolgro %o
b
: “VRro “sfo K Ksp
(1+ T w p)
wb§
e "
A R A 0 By = sfo *dro Xr~ g
| e
RA iqso
) T - eev(4.41)
Substituting the expression for &I, as & iqse from equation (4.11),
the equation (4.38) yields
= i e se e « .2)
8 ugp =Ky 0 i, . (4.42

Substituting the expression for "st from equation (4.42) in

equations(4+4l) and rearranging the tems

. . N -
- o -

e . e
Wego (R PX) K g(R 1 S g w g X + “‘sﬁo‘:idm X+ |
e 2 e
Yoo taro %m~ Vro! * PRt p- % K Ko(l+mw p)] [P i,
- W p -
wsﬂoK-.C*(l+ Tubp)(l stKsp) b
Ub jo)

W {o("R + 2Ks( idmexr)- ‘u“s[oz X+ RB«E

. e
e 5 0 Aj_d

Ket Ra o P R+tp X
. )
Xmldm+Kif4nfpr xm.tqso -&nfpr auej

0] W Ko ng(l+ T wp)

W P j

x

0| aT + o 8 U eea(4e44)
X ~ 0
- L d
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Defining

' e ' e _ '
‘-RA US{O+ 2 Nfo st idl‘.’O ‘Xr -K$¢ RA iqm = A ses (404‘5)

e e = XX} i
“efo R + st R 1qso + KSE Woo taro X -stvRO B (4.46)

m
“ o (1 - Kep Ks[) = D eee (4.47)
4n £ Hp = 2,(p) ees (4.48)
Wefo Yoo Kt P Ry +p? % =2, (p) ver (4.49)
“sfoz X+ Ry+p R+ p2 X, = 23 (p) coe (4,50)
Wefo P X +B =3z, (p) eos (4.51)
33“ idme +Kog z,(p) = 25 (p) | vee (4.52)

Substituting for various expressions as defined in equations
(4+45) to (4+52) in equations(4.44) gives

—

' A ar B}
K (14T w.p) Dm( yae) - Yo KKgp,(1+TWp) N | L
P Y% TTéqNP Wy P a8
b
e
Ysfo taro *m
A ‘7’3(P) 0 a idre
z5(p) % lgso. -~ FH(P) o e
Iy ,
S *®
= 0 Q‘ Tb * | 0 fA wr ' .'90{4—1053)
1l 0]
S i =
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Sy stem characteristic equation is as follows

K (1+ Tuwp) ) .
c.ub D -t E"D zl(P) Z}(P)‘* “sgo Ksp {A xm iqme "35(9) Z3(p)}]

"o tare” B {2 % Yao” “53(0) ap)}

- 2)(?) 23(p) z(p)+ z(p) 3y(p) 2 =0 ... (4:54)

Defining
A xm iqsoe - 25(9) 23(:)) = 26([)) _ eee(4.55)
;".D 7‘1( p) ZB(P)"' Ksp us[(o {A xm iqsoe - 25(p)23(p)} =.")‘32(1:}
ves (4-56)
£~(p)
—?—S-E“ = fl(p) XN (4—»57)
“p P |
2,(p) {ZZ(p)_A-Z3(p) z4(p)} * o taps % el p) = £5(p)
'  eee (4.58)

Substituting for various expression as defined in equations(4.55)
to (4.58) in equation (4.54) results in the following system
characteristic equation

KC fl(p) +KCT fz(p) + f3(p) =0 'c-v(4o,59)

0 see (4-60)

or D (p)

Above equation is suitable for stabilj_.t,ir analysis by the
D-partitioning technique. This technique is more than 100 times
faster than the roct locus method or R.He criterion. The ‘results
-are expressed in parameter plane, the convenient coordinate axes
being Ke, K,T which appear linearly in the system characteristic

equation. Unlike earlier efforts using this technique by
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Lawrenson [ %8 7] it may be noted here that it is not necessary
to obtain expression for the characteristic equation in a poly-
nomial fom. This saves a lot of manual labour and thnere are

less chances of error.

Substituting p =~ 6 + j w the characteristic equation

can be split into two real equations
Ko £ + KT £, 0+ £z =0 _ ees(4.61)

These eguations can be solved for Kc and Kc'r parameters for any

fixed value of 0 as the value of w is waried from 0 to m

~Apart from the above two adjustable drive parameters, one
more adjustable parameter is the proportionality gain constant
of the gpeed regulator (i.e. 'K‘sp ) which unfortunately appears
in a product fom with the other two adjustable parameters in
the system characteristic equation. As such, this parameter
can not be chosen as a coordinate axis while plotting the
stability regionse. The stability region are accordingly deter-
minec? in the plane of KK,T for a certain fixed value of Ksp'
Three values of Ksp namely 10, 20 and 50 have been selected in

this StUdy .

Since the drive under study is a variable speed drive, four
widely varying p.us. operating frequencies have been selected to
fix the steady-state operating conditions, these pe.ue frequen—

cies being +2, +5, 8 and 1ls
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443 COMPUTER RESULTS AND DISCUSSION

In this section theoretical results of stability
analysis obtained using D-partitioning technique are presented.
The objective is to select sets of controller parameters for
which the systam is not only stable over a widely varying
range of operating speaeds but possesses a certain minimum

degree Oof stability as welle.

Results have been computed here for rated torque condi-
tions for three different values of Ksp and four different
operational frequencies for each value of Ksp' The D-partition~-
ing curves are plotted in plane of (Kc - KCT) each time. For
convenience of plotting the unit of time in all D-partition-

ing curves 4is in second unit.

Fig. 4.2 shows the manner of carrying out D-partition-
ing in plane of K, - KcT' Also, the probable stable zone for

one particular value of operational frequengy and Kep is shown.

To confimn this region to be really a stable region
point checks have been made by the Frequency Scanning Technigue
E26,ZT],Point 'A' £from Fig. (4.1) have been selected and
corresponding characteristic vector D{jw) for variation in w
from - c©© to o results in frequency scanning trajectories
as plotted in Fig. 4.2. For this point origin of D{ jw) -
plane lies in the inner most region in the sense of shading
of the frequency scanning trajectory. Hence the De-partition-
iﬁg region containing the point 'A' is the stable area.

For relative stability studies p is substituted as
~0 + jw in the characteristic equation and then for different
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values of 0, D-partitioning is carried out in plane K=K Te

Fige. 4.3 shows stable aréa for one particular operation-
al fxeﬁuency (ue = 1.0) with the value of Ksp equa; to 20. Aas
seen in this figﬁre, as 0 is increased the relatively more
stable region decreases. A stable area corresponding to
larger value of ¢ is contained in areas corresponding to
gmaller values of ¢« Beyond a certain upper limit of & no
area is obtained, thus indicating the largest attainable value
of 0 (degree of stability) and the corresponding set of adjus-
table parameters for the chosen structure of the drive under.

stu dy .

Figs. 4.3, 4e4, 4.5 and 4.6 show relative stability
areas for Ksp equal to 20 and operational frequencies 1.0, .8,
«5 and +2 peu. with variation in 6« As operational frequency
is decreased stable arca decreases. The maximum acnievable 6
for Wy = +2 is less than the maximum 6 obtained for w, = 1.0.
Further, the stable area for W, = +2 shifts down towards fourth

quadrant of the K., = K, T planes

Figse 4.7, 448, 4.9 and 4.10 show stable arcas for KSp
equal to 10, and for operational frequencies 1.0, .8, «5 and
+2 peUs respectively with varying values of 6. The change of
operational frequencies causes similar results as obtained for
K., equal to 20. However, the stable area is less for the

i%

case of Ksp equal to 20 in comparison to the case of Ksp equal

to 10 for same degree of stability (o).



o7

Figse 4.11, 4.12, 4.13 and 4.14 show the stable areas
for Ksp equal to 50 and operational freqﬁencies 1.0, .8, ;5
and +2 peus respectively with varying value of 6. The nature
of results obtained are as before. However, the stable area
'is gnaller than for the cases with Ksp equal to 10 and 20 for

same degree of stability (o).

Accordingly it can be conecluded that as Ksp is increased
stable area decreases for same degree of stability (6) and as
operational frequency is varied from 1.0 pe.us to «2 p.us the
stable area again decreases for all values of Ksp uh@er takén
here for same degree of stability (o6)s Further, the maximum
attdinable ¢ is large for high speed case in comparison’to that

for low speed case at all values of Ksp-

A variable speed drive should give very nearly similar
perfomance for all speeds. Hence, a common set Of parameters
(KC, KCT) must be determined by sacrificing maximum 6 slightly

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

Figse 415, 4.16 and 4.17 show a common area in between
two extreme operational frequencies ie.e. 1«0 and +2 peu. with

values of Ksp 20, 10 and 50 respectivelye.

Table below shows selected values of K, - KCT for
different values of Ksp. These values of controller parameters
will be used in following chapters i.e. for sixth hamonic

analysis and transient responses
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inimum 0 ensured
K K K. T T( sec. ) Min _ :
Sp c c ( sec l)
10 ) +015 +05 2.7
20 2 01 05 2.7
50 ol 01 ol 2.7

4.3' CONCLU SION

In this chapter stability aépects of the rectifier
controlled current inverter fed induction motor drive have
been discusseds It has been shown earlier in third chapter
that the induction motor‘ gets highly saturated in the stable
zone of the motor tomue~-slip characteristic under open-loop
conditionse To overcome this the drive is operated in an
| otherwise unstable zone of the motor tormue-slip characteris-
tic employing regulators, namely a proportional speed regulator,
a p-i current regulator and a slip regulator.. The proportional
speed regulator works on speed error and sets the reference
decs link current. The p~i regulator works on de.c. link
current error and controls the dec. link current by suitably
adjusting the voltage of the rectifier. The slip regulator
maintains constant air-gap flux in the induction motor by

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

The characteristic equation which describe the behaviour

Of the drive has been established using the theory of small
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displacements to linearize the various nonlinear equations of
the drive. The analysis ignores hamonic effect of applied
stator current and also ignores inverter commutation period.
By applying D-partitioning technique to the characteristic
equation the relative stability boundaries have been found out
in the plane of K, - KcT gains of the p~i controller with
varying values of the proportional gain constant of the

speed regulator, Ksp'

' The study shows that as Ksp is increased stability
boundaries decrease for any operational frequency. PFurther,
as operational frequencies are decreased the &tability boun-

daries again decrease for all values of Ksp'

A stable area correSpondiné to larger value of ©
(degree of stability) is contained in areas corresponding to
smaller value of 0. Beyond a certain upper limit of 0 no area
is obtained, thus indicating the largest attainable value of G
and the corresponding set of adjustable parameters for the

chosen structure of the drive understudy.

As operational frequency is decreased, maximum
attainable 0, for which system is relatively stable, also

decreasess

A variable speed drive should give very nearly similar
perfomance for all speeds. Hence, for each of the three

different values of the speed regulator gain (KSP) a set of
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parameters (Kc’ KCT) has been detemined, for which system
ensures a degree of stability (6) 2.7 sect or better for
all operational frequencies. Further comparisons between
these 3 sets of controller parameters will be carried out in
the subsequent chapters with a view for final selection of

the parameters.
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CHAPTER - 5

THE SIXTH HARMONIC ANALYSIS OF THE DRIVE

Due to the hamonics present in the inverter current,
harmoni¢c torjues areg produced which cau se'pul savtion in the
rotor speed. . 1In applicatiéns where uniform speed of rota-
tion is mandatory such as machine tool, antenna positioning
end other applications it is important to ensure magnitude

of these speed oscillations within limitse.

An analytical method for calculating the 6th hammonic
torques arising from a rectifier controlled=-current inverter
power source is given. This analysis is general in that it
includes effect of steady-state speed variation, voltage
fluctuation and current variation. The sixth hamonic pulsa-
tions in torgue, rotor speed and stator voltage of induction
motor have been calculated for three sets of controller para-

meters and four different p.u. operating frequencles.

Gl MATHEMATICAL EQUATIONS FOR THE SIXTH HARMONIC EFFECTS
First a general set of equations isg derived for the
drive system to study the 6th hammonic phenomena. EBEquations
(2.3), (2+44), (2.5), (2.7), (2+11), (2¢12)and (2.14) comprise
a set which completely describes the behaviour of rectifierp-
inverter induction motor drive. However, due to the infinite
series of time varying coefficients in equation (2.3), (2.5)
and (2.7) it is desirable to simplify these equations to a set

which closely approximates to the actual system responsee
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At higher inverter frequencies the hamonic content of
the applied stator currents and the resulting hamonic voltage
“have negligible effect on the system perfonnanceL—_lZI. At
sufficiently low freqﬁencies the harmonic contents begin to
influence the system response and can not neglectede. However,
unless the inverter frequency is nearly zero, the 5th and 7th
hamonics predominate and the effect'of the 1lth, 13th and
higher stator current and voltage hamonics may be neglected
G27.

-In the synchronously rotating reference frame the 5th
and 7th hammonics éppear as 6th hamonic quantities. If the
static drive system is stable, the fundamental frequéncy
voltage and current consist of a constant component along
with 6th, 12th and higher multiples of 6th hamonic. Since
12th and higher hamonics are neglected all variables may be
written as the sum of a constant plus a 6th-hamonic compone'n{:.

For example

Vi =Vio t Vg

=VIO+'VIa Cos 6 Wt +VIB sin 6 w.t
II = IIO + II6

=Ipo* Iy, cos 6 u t+ IIB sin 6 w_t eoe (5el)
Te = Teo™ TéG

=T+ T cos 6 Wt TeB sin 6 w,t
Wp =W kW

= wm* W COS 6 wet + er sin 6 wet )
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: e e e e e e '
and so forth for Vgs * Vag ° iqs y ids , iqr ’ idr v Lo wsf

and W+ Rewriting equation (2.26)

-

FVQSe T‘s‘pxs Yo g P ¥, | Yo %n ] iqse

Vdse =| =Yg Xg Vst pPXg WX P Xy idse

0 ® X “sg Fn .’l'r"‘ PXp Ygp Xy iqre ee(5+2)
O b e megxe vk || g6

Substituting various expression from equations (5.1) in
equations (5+2) yields a set of equations containing only d.c.,
6th and 12th hamonic tems. Equating tems of the same
frequency yields three sets of equations. éne set containing
dece tems only, a second set containing 6th harfnonic tems,
and the third set involving only 12th hamonic quantities.
Since only the 6th hamonic torgue is of interest in this
development, the set of equations containing the 12th tems

‘will not be considered.

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

relations involving the d.c. termms are as follows =

|

rvqsoe“ Fvs Yeo X5 0 Yao *%n | iq.':'aoe ]

Vdsoe =1 "Yeo %s Ys Yo K 0 idsoe *
0 0 us{oxm Yr “sfo Xe j’qroe

N e R



. S .
0 0 X Xg 0 0 en weB iqsae
wea weﬁ xm xm iq$
e
~Xs ~Yep 0 % "h Lisa
0 ' 0 0 e
Yoo Xs “eq ueﬁ idss
e,
1 Yefa sfp Ysfo “sfs iarg
5 o 0 0 0 e
X X e xr iqxﬁ
- - 4 - L ad / €
wsfoc “sf@ waoc “SQ’B idm
0 0] 0 0] e
Xm Xm xr Xr B B idrﬁ
00((5.3)
Ysfo T Yeo T Yro ) eee(5.4)
e e e 1 e e
Teo =% [iQSo dro ~ taso tqro +. 5 (j'qsa o *
e = e e e
C tag® fap™ fas tgm® T taw” tag )] ee(5e5)
Teo ’TLO = o ' 000(506)
Rewriting equatiuns (203}, (2-7) and (2:11) in PelUe.
iqse =1Ip El- costh-g-E cos 12 w_t | vee(5:7)
i € = E" sin 6w t“ 24 sin 12” t .o ] voo(598)
ds ¢
143 .
3 = e 2 .
- Vas Q- 35 cos 6w _t- T o5 12wt |
e 24 .
+ 'Vds - 3‘5‘ sin 6w t*' -13' sin 12 wet ovo] 9.0(509)

VR = VI+ (RF+ Xc0+ P XF) IR - 000(5-10)



Hence,

i ® =1

{

qso RO 35 Ro

i, % =-8.1

\" =V

\Y

dso 3

5
+ (RF“P xco) IRO

e 1 g 6

v -

I0 dso 5 qusa

RO I0

1]
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‘000(5»11)

ees(5012)

0019(5013;‘

voe(5e14)

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

monic quantities together make up the steady-state operating

pointe. However fo r normal operation the magnitude of quantities

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

nic quantities which do not contribute appreciably to the average

values of the system variables.

inve

This fact has been noted by other

stigators [_127] .+ Hence, equations(5.3), (5.11) to (5.14)

may be exXpressed approximately as -

S . .
TS weo xs 0 weo )Sn
e . -
_"“eoxs Vs Yeo xm 0
-
0 “sﬁoxm rr.' “sfoxr
1 “sfo 0 sforr Ve
= e e e . e
Teo = %n Eiq_so laro j'dso *aro J
e .
igso = Tro
e .
e
VIO = sto

i ey

gqsQ

dso

gqgro

dro

Ve(5.15)

ves(5:16)
vee(5.17)
vee(5:18)

eee(5.19)
000(5020)
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Upon simplification, the steady=etate constant quantities (dece

termm) can be expressed as -

- - -~ S ~
Vo | [Ts™r®eco  YeoXs 0 U K | [ige0
e
Vdso N “Yao Xg s Yo X 0 0 ‘
. eve(5:21)
e .
0 0 “sfo T Y “ofo *r iqro

- - Y e

LO 4L sfo K 0 usfo X r idro

Qo m q 80 dro : 0..(5.22)

‘It is clear that equations(5.21) and equation (5.22) formu-~

late an algebraic szt of equations which establishes the average

value of all variabless. although these equations are approximate,

they are sufficiently accurate tu describe the average value of

the converter and machine variables.

Equating temms for the 6th hamonic from equations (5.1)
and (5.2), yields

-

e_- i~ Y : G 1
vC;[s6 S*sz ueoxs ‘p xm weoxm xsldso + O 4
N (=} ¢
xm ldro
e e
Vas6 Yeo Xs TP Xy "Yo Xy P %y "(xs iqso + 0
e
= Xm iqro )
e
0 P Xy “sform T X YgpXe ¢ Xotdaso
xridro
e
© = Ysfoln P X, “WofoXy YW X O (xmiqso"' w
L : ) ' xriqroe
- -

ooof 5.-23)
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Teg = Xm[--:"qsoe i.dr:6e"' idroe iq96e """qroe j'dsse - j’d;s,o(.e iqrsej'
C eee(5024)
T,e =0 | | | | " ees(5.25)
Rew ri.ting equation (2.14)
T, = T+ 4n £, H p (wr) : eee(5.26)

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

- 1 1
Ur6 I e -~ T 6 oo.(5027)

4 fbHiD @

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

. e _ 2 i
lqs6 = e 3'5 IRO COs 6 Uet + IR6 o -oo( 5.28)
e _ ' 12 | ‘
. idS6 S - 35 IRO sin 6 Uet 000(5029)
e_ 2 e e _ 12 e ..
VI6 = o B-B—vqso cos b wet+ Vqss - 3% Vigo Sin 6 wet
eee(5.30)
Rewriting equations (2.23) to (2.36)
x ® N o BN e
IR = Ksp(wr - wr) LUl iia e 0(5031)
VR = l<c ub (IR Ll IR) 'oc(5|32)
P U
NS[ = ksy IR ) ooo( 5-33)
W, = W+ wgg ( for motor operation) - ‘...(5.34)

The expressions for concemed 6th hammonic variation are as

follows -

*
IR6 R o KSP Ur6 000(5035)



a—— e 3 <o . . “ » e ~
‘as6 e *J_G “eoxs jé Yoo o Yeo®m sto v j'-<;36
w_ X —
08 }S“ dsb
- a|_ , . ) i,
‘as6 |~ | "Yeos *3*36 "'weoxm i6 Weorm 'q’qso 0 j'q:c6
w X
Q0 8
s v \ T—
v j6uw_ wsfoxm 36 wegoXy 0 Yyp i4r6
)gn . ueoxr a—g
b o 1 - ] - <
0 wsfo jé Yoo Msfox r Yr+_]6 0 Wq ro -
X % Yooy | sf6
d L . -

KC (l + T Nbp ) x|
v = e e~ - (I - I ) oou(5036)
R6 w, D R6 R6 |
Us¢6 = st IR6 ' ooo(5-37)
wes = “rs + wsi6 000(5038)

! . : 2
The fogr forcing f:nctlons, namely 35 IRO cos 6 wet, |
%%IRO sin 6 wt, z-qusoe cos 6 w_t, J?Ezvdsoe sin 6 w.t are
of the same frequency. Thus all variables in the steady-
state will be of this frequency and henc: phasors may be
employed for these hammonic variableses Therefore, if

cos 6 w.t is replaced by a unit phasor (1), sin 6 w_t will

be replaced by -j and p by j 6 'ueo. Defining

+X_41 _© eee(5:39)

- s e

wqro = Xy *qso Y "qro

vdro = X idsoe T X j'c.ix:oe ' «e+(5.40)
- e e

¢qso = Xg iqso X :i.qro ...(5.41)
- ' e ' e :

WdSO = XS idso +Xm ier 000(50:-42)

The equations (5.23) gives after some simplification

- cee(5.43)
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Further, from equations (5.24), (5.27) to (5.30) and (5.35)

to (5038)
_— ™ @ =—a. . e ;e e ™ e
Teg = Xm‘--;!'qso tare * tdaro iqs6 - iqro idsG
—r— l ——
W = -
ré eb
24n fb H Woo
—_c
ige =~ ;glao *Ipe
— 12
i . g
ds6 = J 35 Tgo
_ 2 e .12 e —e
Vig =~ 35 QSO J 35 Vaso Vas6
® _—
Irg =~ Kep “r6
—_— K T —_
Ve = (= — * K TN Ipg - Ipg)

£
[0}
a
]
€
H
o)l
+
€
~
o

=Vyg + (J6 u  Xp+ Rp+ Xoo) Ipg

<
~
o)
I

———

e ,™™™eg
< idso J‘quJ

000(5044)
000(5.45)

«es(5.46)

ees(5.47)
vee(5048)
eoe (5.49)
vee(5.50)
ees (5.51)

000(5052)

eee(5.53)

* .
Substituting the expression for I,. equation (5.49) in

equation (5.50)

—_ jK_ —_— —
v o, o= (- e +K.T) (-K__ W _o = I_~)
R6 ( 6L W c ( sp rbé R6

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

et =] s -and g- e - R lg.. =]
Vas6 =Vie * 35 'qso J 35 Vaso

000(5054)

eee(5.55)
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VI = VR6-(_]6 U XF+ RF+ XCO) i;6 . s (5- 56)
[, =4S | vee(5457)

Ipg = iqe6 * 3"5' Iro
Using equations (5.54), (5.56) and (5.57), equation(5.55) can be

written as

v. _© (jKc K TIK T ~( ’ % T +j6
as6 = e ——— Nr6— - — + K +)]6 w XF +
6ubueo 6% o C ev
— 2 2 e .12 e
Rp+ XCO)(J‘qs6 + 35 Ipo)t 5% Vg0 ~J 3% Vaso
00¢(5058)

Substituting for 'Fe—6 from equations (5+44) in equation (5.45)

— - J - e "—~ e e ,—e , e ;™ e
W e -
| rb 24x fb H weo Xm LE'qso dr6 + idro j'qsG" J‘qro j’ds6

' e eee(5.59)

j'<ilso iqr6 )

Using equations (5.18), the above equation becomes

— - J - e T e e {7 e e ~—¢
“r6 < 24m £, w xmL-;i‘q.tso tars *iar ‘qs6 j'qr:o tas6 ]

’ b eo » e o e (5- 60)
substitution of above expression for @_, in equation ( 5.58)

ré

results in

i J K JK _ X
e c e e — e
v = (= e LK T) Sp. o (i i ®r i 1
as6 6“13 Yeo © 247 fb W STase dré dro "qsé
. e ™ e — e,k 2 c

laro tass ~ligqss * 35 IRO)("6 P KT 36w, Xp

“p¥e0

e
coo(506l)

+
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From equations (5.51) and (5.57)

—— -— 2 '
ws{6 = st (iqSG + 35 IRO) | cee(5.62)

o

expressions for u_g and us[é from equations (5.60) and
(5.62) respectively in equation (5.52) and defining

X

KT =, . i ‘ eee (5-63)
24n £, H Weo
One gets
- . , @\ pm=>a 2 . e-‘—-,-.-e;_
Y6 T (st.J Ke taro )iqs6%3'5'IRO -st'J KT(iqso tars
. e ;@
lqm idss 0-0(5064)

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

FV--e Ty : . . . - — &
Vqs6 1 ;'sﬂfweoxs+ Yeost JGweme YeotmFr i j'<ls6
K JK K e
dso sﬁ- T Tiqro tbdso iqsue
ig..%) ¥
dro dso
Vg-6e w X -V Y +j6w  -w_ X j 6w e | ©
SY = |TYe0™ s Yaso s an "¥eo™m J eoxm dsb
« ‘e e X "‘JK 1
(st—JKTldro ) is a(i’r Iy q,QSQ
i a
gqro 'qso lqso
. . — e
© 36w X+ Ysfo X v*i6 “sfo }Fr tqr6
Wd IUst _ weoxr _
- _ . - Y i ——
0 Yo Jou X “sfoxr 36 i3rs

Lv .?qro KS{ e 'r

ool



2 .
;5" Iro st ¢d 80

+ - ;5_ Iro Ks[ quo
p)

;ngf Iro Yaro
2

" 57 Ko Tro Vgro

L

Substituting the expression for

mef

Vq
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eee(5.65)"

56e from equation (5.61)

in equation (5.65) and rearranging the temms

roer

+
GOX S

Vg so(KsGIj(KT
fap®) -k

6Wb weo

'rs«c-_] 6w

e
o Ul

Ay
Kc'r) jbé W X

RF+ XCO

1]

Vas6 - “’eoxs"q’q e

(ng—’jKT
< .
idro )

j6 weoxm+

qIdro st

TYsfo’n”

vqm Keg

e

N — e
“deo}:s"'J Kp J6u,,e 6 X =Ky 1456
iqu q]dsa‘" xi‘ﬂ qldso quOe
N e .
+ JK.SPKT iqro -J Ksp K.T
. K
jK i e J (o]
(- = + Rl
GWbNeO b eqi
. KT) * KT,
c
Fr |
rsh 6weoX§ =Yool J 6("’eoxm * e
jK.i e . Fon
. T'qro K ¥y a0 dsé
e
aso iqso
wsfo Xm ~(r+_)6 wsfoxr i e
w X aré
e0 r
j6 w_ X% - ~_+j 6w - e
eo’m sfo r eo Yar6
xr xr =




| K
(— 5u:, zeg + KT+ j6 w, KXo+ Rp+ X+ g ¢dso
| - Ko Voo
Keg oo
e Ygro
Defin;lg
ZA = st - J KT idro&
J K
% == 7 w, :eo“f‘+ <1
@ =,J,622;“

J—

[%;RO]

ces(5.66)

cee(5.67)

...(5.@)

eee(5.69)

and sxbsti'ﬁuting using these new constants in equation (5.69)

one gets
7 . ~
: (v. &
57 Wyeo

j6 vy e

80

dsb

-~

¥
C +RF +XCO +

Z(X6+XF) i
'N’d SOZA.}_ ZB
- JK oK,
idme i

e g

eo’"s

lFqso Z,

2 ﬁn + ,vd N
Ks[

oo™

‘pqm Kgg

NeOX s +J KT . xm

i—qmewd so+

X KSp KT

i €
lqm ZB
ot m X
: - e
X KT 1qm
qs0

eoxm

: e
.J.q - vq SO

>

W eoxm- 5 K,
e
vd sO iq -

e
Yo %

% Xm‘b_J KT

I -
- —

dsb6

qré

€
ldr6




-

ZB+ Z XF+

R_+

F XCO+ Ks[ vdso

-

“vard
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ese(5.70)

substitution of altemate expressiun for I, from equation (5.17)

and ic;;S £xom equatioﬁ—'( 5.47) in equation (5.70) results in

2

= (

—e
Vas6

j6 Viso

€)

]

roe

(*R +X():O-J- weoxs+j Kp 2 X
(X + N, e
. ) Agro wdso'*
dso A ZB i K
J K, o KT 9.2 s
e Zq o %
“Yeo®s P S
< : e
gdso “A jKT lqu
q 30
2 X * “sfo % VpteX,
Varo Kef
I“quo Ks[
"
'1' |
@yt Z Xp+ Rp+ X+ Ks[ q’dso 7]
KSY q]qso
Keg wdro
_ - <Ry ‘quo ]

- —e 7
Yoot 3 Kp ] qus6
e
vdso igeo =
; S
J KSpKTiqSO
ZB .
v i 12
Z +3 K -
w75
quo dso i e
qso
45 X i °
sfo 'r qré
— e
Yot Zxr dré
. A
2 el «
[35 iqso_} eoe(5.71)
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Rewriting equations (5.71)

' e
[-— YsRF+ x(ZO+ Z(XS+ XF)+ ¢dso zB sp K'I‘ daro ZB.-.[:qu6

-.—-.;-e . . e .
* 2 X iqr6 + (WeoXqm I Kp q’dso tgso ~J Ksp Kpd q so Z'13)

T e _ e . e
iseg = /35 (vqso - 36 Vg, ) = (Zy+ 2 X+ Rp+ X o +
e : e .
fq’dso 35 laso “(Ugy Xt I Kpdgpy” Ygeot Kep K
. e ,
g’ %) 1B law cer(5.72)

-

(z X +¥y,, K f)l +(r+zx)1 6+“sfoxridr6

-
—— -

| i e .12 .
KS? q,dro iqSO -] 'B"S'lqsoe wsgo )STI 0-0(5073)

;e
-(“’sfo X~ Yqro Ks.f) iqs6 ~Yefo Xp 3 qr6 “r{r .tz x » ier

-2 e 12, e
- st wqro qso -Jax 35 ‘gso eee(5:74)
T e , " e e
Vasg = ('”eoxs. quo 2,) 1q9s6 H¥+ 2 g~ J Kp igro vqso)
12 e e . . e
J 55380 ~ “eo %n Iqr6 (2 X+ Kplgg, ige
e 2 e
idm - "'"" st quo qso epe (5075)
Equations (5.72) to (5.74) can be solved for i i ®

CISG s g6
and ier are known then from

———

- e s e
and ier . Once .l.qsG , J.qu ’

equation (5.75) v'd‘s'se can also be computeds

e ;7 e
Substituting values of iq36 ’ iqu R j’dr6 and v 6 in
equations (5.44), (5+60) and (5.61) the 6th hamonic torque,

speed and voltage pulsations can be calculated respectively.
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A computer programme is written to compute all the
sixth hamonic variables i.e. 6th hamonic rotor speed, 6th
hamonic torque, 6th hammonic stator voltage, 6th hamonic
rotor current and 6th hammonic stator current, under steady-
state operation of the drive with full load torgque output
for four different values of p.u. oi:erating frequencies and

three sets Oof controller parameterss

5.3 RESULT AND DISCUSSION

In this section theoretical results, obtained through
the computer, conceming the hammonic analysis of inverter-fed
induction motor érive are di scussed. The computer programme

is given in appendix (IV).

The variation in 6th hamonic rotor speed, 6th harmonic
torque and 6th hamonic stator voltage as function of the aver-
age load torgue for different p.u.. operating speeds ranging from

¢2 to 140 has been studied and the relevant graphs are plottede

503.1 The Sixth-Hamonic Rotor-Speed Vs AaAverage Load Torque
The rotor speed hammonics, in stable zone of the torque
slip characteristic are more in comparison to rotor—speea
hamonics in unstable zone of the torgue slip characterdstic
of the induction motore As p.u. operating frequency is
decreased rotor-speed harmonics increases in the entire slip

range as shown in Fig. 5.1l.
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Thus, for small speeds, rotor speed hammonics are more
in comparison to rotor-speed hammonics at high speedse There
is not much difference between rotor-speaed harmmonics at any
peus frequency of operation in unstable zone of torque slip
characteristic but there is considerable difference in the
magnitude of rotor-speed hammonic in stable zone of torque

slip characteristic for all ps.u.frequancy of operationes

5¢3+42. The Sixth-Hamonic Load Tordque Vs Average Load Torque
Torque hammonics in stable zone are more in comparison
to torque hamonics in unstable zone of the torque slip chara-
cte:istic of the induction motor for any pe.u. frequency of
operation. Also, the sixth hamonic torgue almost remain
uneffected with variation in the p.us. Operating frequency

as shown in Fig. 5.2.

5¢3+3+« The Sixth-Hamonic Voltage vs Average Load Torgue

In stable zone of the torgue slip characteristic of the
induction motor, voltage hammonics are more compared to in the
unstable zone for a particular peus operating frequencys. Aas
the pe.u. Operating frequency is decreased voltage harmonics

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

Thus, for high speeds, voltage hammonics are more
while for low speeds voltage hamonics are less. In stable
zone voltage hamonics are mere in comparison to voltage hav-
monics in unstable zone of torque slip characteristic of

Induction motore
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The sixth~harmonic rotor and stator currents are cons-
tant for “the entire slip range and also there is almost no

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

5.3.4 The Effect of Change of Controller Parameters(KSp,Kc,T)
A variation in the controller parameters has negligible

effect on all the sixth harmonic quantities,

5.4 CONCLUSION

In this chapter analytical method for determining the

sixth-harmonic torque, speed stator voltage and currehts pulsa-
tions of an Induction motor drive when supplied from a recti=-

fier controlled curreht inverter source has been set forth.

The sixth-harmonic torque pulsations remain same for all
p.2s oOperating freqﬁencies. Torque harmonics are small in
unstable zone of the torque slip characteristic of the Induc-
tion motor. There is negligible change in rotor speed sixth
harmonic component as p.u. for operating frequency is varied
in unstable zone of the torque slip characteristié of the
Induction motor, Sixth harmonic rotor speed oscillations are
small in unstable zone for all p.u. frequency of operation.

The sixth harmonic voltage pulsations are large under high

speed operation and small at low speed operation of the drive,
Change in controller parameters does not deteriorate the

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

tions are coneernede.
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CHAPTER - 6

THE TRANSIENT ANALYSIS OF THE DRIVE

In this chapter transient response of rectifier controll-
ed current inverter fed induction motor is studied for the thfee
sets of controller parameters (obtained from chapter - 4)s all
the cquation, describing the drive transients behaviour, are
converted into five Ist order differential equationse. These
first order differential equations are solved by _.'EcJ»uxrth order
Runga Kutta methode. The various aspects of the drive studied
are (i) starting from rest (ii) sudden change in reference speed
setting and (iii) reversal in direction of rotation of the induc-

tion motor.

6+1 STATE SPACE EQUATIONS
Following additional assumption, in addition to those
in the mathematical modelling, is made to derive the state space

egquations of the drive.

Te effect of harmonics is neglecteds Thus only funda-

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

e _ e _
and (2-25) gds = O, gqs =] 0--(601)
Rewriting equation (2.26)
F‘v q [ ¥ 4 X w X X w_ X I i © | :
gs s Xg e’s Py % e “m ds
e e
Vas Uy, Xg Vgt X w, X, P % las
= -~
e
O. P Xﬁ usg %“ Y. tp Xr wsf X, 1qr
e
O ] L -USV Xm P Xm -NSQ xr rr"" P xr 1 ~ idr

T ee(6.2)
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azbstitﬁting value of gdse and gqse from equation (6.1) in

equation (2.33) to (2.25) yields

v, = vqse ese(6e3)
iqse= IfR eee(6e4)
idse;o "'(6°5).
The ds equation in equation (6.1) below ‘has been ocmitted since
idse is identically 2zero |
'vqsﬂ i v, 0 wx | 'j.qseT % L 00 [
o |=| o e UKy 1qre +p|x X, O iqp
0| L_'wsfxn‘l—wsfx r e g Li& re | 0 ‘xr‘ 4 dre_
eee(6e6)
Rewriting equation (2.21)
Vg = VI-+ (Rp + Xt P xF)f I, eee(6.7)

substitution of value of Vy and I, from equation (643) and (6.4)

in equation (6.7) results in

- e . e (6.
VR = Vgs + (Rp * Xoo +pxF) igs eee(6.8)
substituting the expression for vqse from equation (6.8) in

equation (6.6) and rearranging the temms

[ - e o
Vo R, 0 uX | ligg X _+ o | [tqq
1 . e . e
0} = 0 W wgxy [, | Xy 0 | |igy
. e e
10 L—'wsfxm -waxr Tr J-dr ! 0 Xr‘ "idr )

-

400(619)
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Defining
YS +RF +XC0 = R XX (6010)
XS "'XE, =X e (6011)

Substituting the new constants from equations (6.10) and (6.11)

in equations (5.9) yields

1 T

1r @ ™ 7 I e
VR R 0 wexm iqs X Xm Q iqs
— s e
0 = 0 Yr Usgxr lqr + p Xm Xr 0] . iqre
. e <]
-O | tusf)gn -.Usfxr Yr ] idr J Q ¢ er ier

ses (6.12)

Writing above equation in Ist order differential form with

operator p defined as (.) one gets

i °®1 &k x o - R 0 w i % Tx 0‘1‘1 VT
ds m e&‘n J’qs‘ ) x!'n R
i % x x_ 0 0 B X i ®l+lx x_. o 0
ar X Xy v W e qr m r :
.Q
lag-| b o Kl [Yegp ~Yey T, iy o o x| |0
=] P " = 4 o]
veo(6.13)
or
i*®© | R X -xm‘_’ W XX ~Ww xrx T i, &7
ds r r em"r g rm qs
. 0@ 1 P e
qr X x-x 2| %R | X ¥ “eXm Pgp¥e X iqr
r'm
"'Lx (X X - "L'(x X X °7r X dr
r xm2) « -;mz) . .
- J L r 4L B
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?cr - X 0 Ve ]
+ 1 0 -xm X 0 0 ooo( 6014‘)
XX~ X ' 2
r m XX-X
Q 0 - o _“_‘_ 0
X
L i o J _ i
Rewriting equation (6.14)
e _ __ Y _ e ' e_ _ e
as ~(x X~ X 2) [ R X, iqs * X Ve iqr (“exmxr “SYxIxm) tar *
r m
X, vR] cee (6415)
e _ ___1 ' e_ e 2_ e _
tar -(x X ~X_2) {j)(rnR igs X Yr iqr KX ”SYXr X) dgr
r m
}Sn VR ] o.c(étls)
ve _ 1 e e_ e
idr = xr (wsf xm iqs + Usf Xr ."Lqr \’r idr ) ees (6017)
Rewriting equation (2.27)
e e
Te = &“ iqs idr voe (6018)
Rewriting equation (2.32)
T, =T, +4n £Hp w, eoe (6:19)
From equations (6.18) and (6.19)
pwr=—--°--—-—--l (%, i eidre-'rl;)
dn. £, H qs
or
. - 1 e e
wr = (Xm 1qs 1dr - TL) see (6020)
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‘Rewriting equations (2.33) to (2.36)

® ®x '
IR SKSp (Ur—' Ur) see (6.21)
. (1L + T w_p)
VR KC 5 (Ii; ot IR) ooo( 6.22)
W
b P
st = st IR- ‘ veo e (6023) .
(.A.Ie = mr + qu op e (6024’)
Rewriting equation (6.22)
KC M
P VR =5 (L +Tup) (I - 1p)
orx |
. K E'l ‘. .
= = = x _ .

‘ Bjuations .(6.15), (6.16), (6.17), (6.20) and (6.29)
ére the five first-order differential equations describing the
transient behaviour of the drive. These equations are solved
with the help of fourth-order Runga Kutta numerical integration

method under different modes of operation of the drive.

6+2 RESULT aND DISCUSSION

In this chapter the transient response of rectifier
controlled-current inverter fed induction motor drive is studied
for various conditions as g;ven below. The computer programme
is given in Appendix V. Load characteristic is assumed fan type

with static frictional torque and given by following expression

2
Ty, = To + 6 (W)
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Table 601 - TABLE - 6ol

(a) starting from rest to reference speed

(i) Reference Speed Setting 0.2

K K ' T Rotor Speed D.C.linkv
Sp e current
Final value Settling current Torque
(peus) time( sec.) final value final
value
(p’u°) (pa\.lo)
(L) (2) (3) (4) (5) (6) (7)
10 ° 0.3 0.05 0.16506 1.226 0.,34941 0.11795
20 0.2 0.05 0.18227 1.229 0.35461 0.12189.
50 Qel 0.l 0.19284 1.927 0.35802 0.12451
(ii) Reference speed Setting Q.5
1Q 0.3 0.05 0.453%4 0.9108 0.48658 Q23425
20 0.2 0.05 0.47489 1.156 0.50215  0.24863
50 O0s1 Q.1 0.48975 1.997 0.51228 0.25807
(1ii) Reference Speed 1.0
10 0.3 0.05 0.90931 1.962 0.90686 0.64492
20 0.2 0.05 0.95199 2.627 0.96009 0.69727
50 0.1 0.1 0.98007 5.780 0.99656 0473302




Table 6.1{contd.)
(b) sudden Change in Reference Speed Setting
(1) Change in Speed Reference from 0.2 to 0«5 psue.

85

50 Oel 0O.l -0.78468 34678 0.76620.

(1) (2) (3) (4) (5) (6) (7)
10 0+3 0.05 0.45134 0.7006 0.48658 0.23425
20 Q.2 0.05 0.47489 0.8057 Q.50215 0.24863
50 Oel 0ol 0.48975 1.366 0.51228 0.25807
(ii) Change in Speed Reference from 1.0 to 0.2 peu.

10 Q0«3 0.05 0.16506 2.662 0.34941 0.11795

20 0.2 0.05 0.18227 3,258 0+35461 0.12189

50 Oel 0.1 0.19284 3.382 0.35802 Q.12451

(c) Reversal of Direction of Rotation of the Motor

(1) Changes in Speed Reference from 0.8 to «0.8

10 0e¢3 0405 =0.72899 44449 0.71013 =~0e45022
-0 50578
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where
TLO = static friction torque peu.
w, = induction motor rotor speed in peue

G = constant

The value of G in present case is 0+66.

For three sets of controller parameters the transient

response of the drive is calculated. The various modes of

operation of drive are - A
(1) for starting from rest to reference speed settings of

+2, «5 2and 1.0 p.ues speed
(1i) sudden change from one steady-state speed to another
stecady-state speed in both up and down directions.

(1ii) reversal of direction of rotation of the motors.

The transient perfommance of the drive is illustrated
in Figs. 6.1 to 6.30 and Table 6.1 shows the performance at a

glance.

6.2.1 Starting from Rest |

Figse 6e¢l, 642 and 6.3 show the transient behaviour in
rotor speed for three chosen scts of controller parameters under
¢2, ¢35, 1.0 pewu. reference speed setting respectively. among
the three sets of controller parameters set with high Ksé(i-e-
50) is noted to possess more oscillatory speed response at
lower reference speed setting. For any low speed setting case
the drive with controller parameters set having high Ksp(i.e.50)

is noted to have larger pickup time, higher overshoot and larger
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settling time in the speed responses at higher speed setting
the speed response characteristic is monotonic in nature, the
pick up time and the settling time being always larger for the

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

For any reference speed setting the drive is noted to -
have larger steady-state error in speed for sst of controller

parameters with smallest Ksp( iees 10).

Figse 644, 6.5 and 6.6 show the transient behaviour in
d.c. link current for three chosen sets of controller para-
meters under +2, «5, 1.0 p;u- reference speed setting respecti-
velye The response is noted to be oscillatory in nature, the
oscillation persist for long duration with the set of controller
parameters having larger Ksp (iseee. 50) especially at lower
refercnce speed settingse The overshoot in current is larger
for the set of contm;ler parameters with smallest K'sp(i.e- 10)
under all reference speed settings. The instant of overshoot is
earlj.ér for controller parameters having smallest Ksp (i.2. 10)

and a3t no time oversnoot exceeds a value of about 1.2 peus

Figse 6.7, 6.8 and 6.9. show the torque transient for
three chosen set of controller parameters under 2, +5 and 1.0
psu. reference gpeed setting resgpectively. The torque trans-
ients behaviour in a manner similar to current transients.
Even under the highest speed setting the transient torques are
found to be appreciably less, a set of controller parameters
with high Ksp(i.e. 50) appears to have better performance in
this regard.
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6+2.2 sudden Change in Reference Speed Setting

Figse 6,10, 6.11 and 6.12 show the drive perfommance
under the three sets of controller parameters for sudden
change in reference speed' setting from 2 to «5 peue The
speed transients indicate larger overshoot and settling time
for controller parameters with high KSP (i.ee 50). The settl-
ing time being almost double for contrboller parameters with
high Ksp(i.e. 50) in comparison to that for controller para-
meters with smallest Ksp(i.e. 10). The current and torque
transients areAsnall for controller parameters with high Ksp
(iees 50)s However the difference in overshoots under extreme

cases (controller parametars with high KSp and controller para=-

meters with low Ksp) is not much.

Figs. 6.13, 6.14, 6.15, 6.16, 6.17, 6.18, 6.19, 6.20,
6.21 shows the drive perfomance under the three sets of
controller parameters for sudden change in referénce speed
setting from 1.0 to .2'p.u. speeds Best drive perfomance is
noted for the set of controller parametsrs with smallest, KSp
(iees 10) while the case for controller parameters with Ksp
equal to 20 is worst. For the case of controller parameters
with smallest Ksp (iees 10) is noted to settle earliest, with
least value of overshoot in current and torgue transients

while the case of controller parameters with Ksp &aal to 20

appears .to worst in all respect.
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6+243 Reversal in Direction of Rotation

Figss 6.22, 6.23, 6.24, 6.25, 6.26, 6.27, 6.28, 6.29,
6.30 shows drive performance under the three sets of controller
parameters for sudden change in reference speed setting from
«8 to -¢8 peus-speeds The drive is found to exhibit sustained
oscillétions for the case‘with the controller parameters set
having Ksp equal to 20. among the other two cases the controll-
er parameters set with Ksp equal to 50 appears to be settle
slightly earlier as far as the speed transients are concemed.
However the associated current and torque transients for this

case are slightly on the higher side.

6«3 CONCLUSION

An analytical method for detemmining the transient per-
fomance of the induction motor drive fed from rectifier
controlled-current inverter source has been set forth in this

chapter-

For three sets of controller parameters, the transient
perfomance of the drive is calculated under three different
conditions i.e. starting sudden change in speed reference sett-

ing and reversal in direction of rotation of motore.

For the set of controller parameters with smallest Ksp
(iees 10) settling time is smallest under all modes of opera-
tion except for the case of reversal in direction of motor
when the settling time is slightly larger than that for the

best t (K = 50).
es se(‘sp 50)
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Overshoots in torque and currents are more for set of
controller parameter with smallest Ksp (i+e. 10) for all
cases in which new reference speed setting is mére than pre-
vious one (i.ee up speeds). Overshoot and undershoots in
current, torjque and sgeed are largest for set of controller
parameters witl; Ksp equal to 50 for down-speed cases (i.e.
reference speed setting is changed suddenly from high value

to a low value).

.The torue, speed and current transients are more

oscillatory in nature for down-speced cases.

The steady-state error is more for the set of controll-

er parameters with smallest Ksp (iees 10).

'From the point of view of settling time in speed the

set of parameters with

s - 10 K, = 3, T =0.05

appears to be the best choice of the controller parameters
for various modes of operation excluding sudden reversal in
the direction of rotation of the motor. For this latter case
the drive perfommance from the point of view of settling time
in speed is only marginally poor in comparison to thev best

set of parameters (i.e. with K__ = 50).

Sp
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CHAPTER - 7
CONCLU SION

This dissertation concems variable speed operation'
of a induction-motor drive through a rectifier controlled-
current inverter source. It is well known that such a drive
is unstable in the open~loop mode of operation. To overcome
this problem the drive is converted to close~lqop from open-~
loop with the help of three regulators, namely a proportional
speed regulator, a p~i current regulator and a slip regulator.
The proporticnal speed regulator works on speed error and sets
reference decCes link current. The ﬁ)—i current regulator works
on dec. link current error and controls the actual d.ce link
current. The slip regulator sets slip speed proportional to
dege link current so that rated air—gép fluxX is maintained in

induction motore e wed LICRARY QERFS7 o sin =
RO L.

2n analytical method of determining steady-state per-
formance of the rectifier controlled-current inverter induc-
tion motor drive has been discussed in this dissertation. The
steady-gtate perfo:mance reveals that in the Qopen-loop unstable
region of the torgque-slip characteristi¢ the induction motor
stator voltages are amall, power factor is good in compariscon
to open~loop stable (i.e. low slip) zone of the torguew-slip
characteristic. Drive efficiency is poor in unstable zone
comparison to stable zone due to neglect of iron-losses in

analysi s. Te drive gperation in the open-~loop stable
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region of the tormue~slip characteristic is impossible due
to high degree of saturation in the induction motor associat-
ed high iron losses and magnetising current, As pesu. QOperat-
ing frequency is decreased stator voltage reduges, power
factor iﬁproves and efficiency and power output reduces when

the drive is operated at a fixed d.c. link currente.

Staﬁility studies are carried out to coordinate
controller parameters so that system is not only stable but
possesses a certain minimum degree of stability. Compact
expression for the system characteristic equation is derived
from small displacement theory and then, by applying D-parti-
tioning technique, the sta_biliﬁy boundaries are determined
in the plane of two adjustable parameters of the p - 1
regulator. Departitioning boundaries are determined for
three different values of proportional speed regulator cons-
tant (Ksp) namely 10, 20 and 50 and for each Ksp’ with four
different pe.u. operational frequencies namely 0.2, 0.5, 0.8
and 1.0+ For each case the maximum degree of stability, o,
has also becn determined. Following sets of regulator para-
meters ensure a minimum of 2.7 sec + degree of relative
stability of the drive over 0.2 to 1.0 p.us frequency range

of operation under full-load torue conditions =

Ksp = 10 KC = 03 T = 0005
Ksp=20 .Kc = Q¢2 T = Q.05
Ksp s 50 | KC = 0.l T = Q)



93

Analytical method of determining 6theharmonic torque,
speed and induction motor stator voltage pulsation of recti-
fier inverter induction motor have been discussed. Sixth-
harmonic rotor speed torque and volf.age are considerably more
in the open-loop stable zone of torquerslip characteristic in
compare to in the open-loop unstable zone Qf torgue slip
characteristics As peu. oOperating frequency is decreased the
6th~haxrmonic rotor speed oscillation increases in both zones
of operation while the 6th-harmonic voltage oscillation |
decreases. There is hardly any effect on 6th haxmonic torque
oscillations due to variation in p.u. QOperating frequencye.
Thus, the drive exhibits sxperior haxmonic oscillation perfor-
mance when operated in the gpen-loop unstable zone of the
torque~-siip characteristic, however, the use of regulators

‘will now be absolutely essential.

The transient perfomance 0f drive is next carried
out, a nonlinear Sth-order state~space model of the system
is developed. The various aspects under this study are start-
ing, sudden speed change in both up and down directions and
reversal in the direction of rotation of the motors The
transient responses of the drive have been determined each
time for the 3 sets of regulator parameters recommended earlier
in the linear-model stability analysis of the drive. From
the point of view of settling time in the speed transients

the following set of regulator parameters are found to be best-

- lo, K 3 003 T = 0.05

Ksp c
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For any re.ference speed setting the drive is noted to

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

parameter with smallest Ksp (i.e+ 10)e However, since, for

a fixed set of controller parameters the reference speed

selector can be suitably calibrated in terms of the actual

drive speed thus much importance need not be given to the

steady state error.

SCOPE OF FURTHER WORK

' Further work can be done aon this topig under  follow-

ing aspects -

(1)

(11)

(141)

The steady state performance, . 6th harmonig analysi;s,
stability analysis and transient ana}lysis have been
detemined theoretically in this dissertation. These
must be checked experimentally.

A rectifier inverter source has been consgidered here

to feed variable current and frequengy supply to the
induction motor. An altemate form of the supply source
like the inverter operating in the pulse width modula-

tion mode, may be considered.

The present work considers qnly the effect of the 6th -
harmonic pulsation of the drive whereas leth anpd other
higher harmonics are neglected. The effect of higher
oxder torque pulsation may also be considered if the

drive is to be operated at extremely Jlow speeds.



(iv)

(v)

(vi)

(vii)
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The perfommance of the variable speed induction
motoy drive can be stgdj_.ed using different types

of controllers like p~i-d controllers.

In this dissertation drive Qperation in subsynchro-
nous speed range only has been studiede Drive opera-
tion in supersynchronous speed range ¢an also be

studied.

Effect of variation in the induction-motor parameters,

namely inertia constant, may be studied.

The present work ignores commutation time of the
inverter. Inverter with finite commutation time
may be considered and its effect on drive performance

may also be studied.



1.

2

4o

5.

6o

7.

96
REFERENCES

Murphy, JeM.D., 'Thyristor Control of A.C.MotQrs',
‘Pergamon Press Ltd., Oxford, 1973.

Paice, D.A., 'Induction Motor Speed Control by Stator
Voltage Control', IEEE Trans.(PaS),Vol.87,pp 985,
Febe 19680

Basu,PeR., !'Variable Speed Induction Motor Using Thyris-
tor in the secondary Circuit'!, IEEE Trans.(PAS),
Vole90, pp 509, Mar./april 1971.

shepherd, W., and Stanway,J., 'Slip Power Recovery in
an Induction Motor by the use of a Thyristor
Inverter', IEEE Transs(IGA),Vol«5,pp 74,Jan./Feb.
1969.

Heck, Re and Meyer,M., 'A static Frequency-Changer-Fed
Squirrel=Cage Motor drive for variable speed and
reversing', Siemens Rev. 30, pp 401, Nov.1963.

Lipo, T«A., and Krause,P.C., !'Stability analysis of
rectifier - inverter induction motor drive!, IEEE
‘I‘rans.(PAS),Vol.88,pp 55, Jane. 19690

Fallside,F. and wortley,A.T., 'Steady-state oscillation
and stabilisation of variable frequency inverter
fed induction motor drive', IEE Proc.,Vol.ll6,
pp 991, June 1969.

Klingshim, E.A., and Jordan,H.E., Polyphase induction
motor performance and losses on non-sinusoidal
voltage source', IEEE Trans.(PAS),Vol.87, pp 624,
Mar.1968.



97

e Jain, G.C., 'The effect of voltage shape on the perfor-
mance of a 3-phase induction motor', IEEE Trans.

(pas),Vol.83,pp 561, June 1964.

10« ward,E.E., Kazi, A. and Farakas,R., 'Time damain analysis
of inverter fed induction motor', IEE Proc.,Vol.l1ll4,
pp 361, March 1967.

11. Sabbagh, E«M. and Shewan,W., !'Characteristic of an adjus-
table speed polyphase induction motor'!, IEEE Transe.
(PAS), V01087,pp 613, Mar. 19680

12. Lipo, TsA., Krause,P.C. and Jordan,H.E.,'Hamonic torque
and speed pulsations in rectifier-inverter induc-
tion motor drive', IEEE Trans.(PAS),Vol.68,pp 579,
May 1969.

13« Phillips,KeP.,'Current source converter for aC motor
Drives', Trans.(IA),Vole8,pp 679,Nov./De¢.1972.

14 Nelson, R.H. and Radomski, T<A., 'Design method for
current source inverter, induction motor drive
sy stem!,IEEE Trans.(IECI),Vol.21-22,pp 141,May,1975.

15. Revankar,G.N. and Bashir,A., 'Effect of circuit and induc--
tion motor parameters on current source inverter
operation', IEEE Trans.(IECI),Vole24,pp 126, Feb.1977.

‘164 Lipo, T.A. and Cdmell,E.P., 'State-~variable steady-state
analysis of a controlled current induction motor
drive', IEEE Trans.(Ia),Vol.ll,pp704,Nov./Dec.1975.

17. Comell, E.P. and Lipo, TeA., 'Modelling and design of con-
trolled current induction motor drive system', IEEE
Trans.(IA),Volel?, pp 321, July/aug.1977.

18. Macdonald,M.L. and Sen P.C.,'Control loop study of induc-
tion motor drives using DQ model',IEEE Trans.(IECI),
Vol.26,pp 237, Nov.1979.



19.

20.

21,

22 o

25.

24

25.
26,

27

28.

98

Sawaki,N., ' steady-state and stability analysis Qf induc-
tion motor drive by current source inverter', IEEE
Trans.(IA), Vol«.l3,pp 244 May/June 1979,

Novotny, D.W., ' Steady-State perfomance of inverter fed
induction machines by means of time domain cQmplex
variables',IEEE Trans.(Pas),Vol.95,pp 927,May/June
1976.

Rao,K.P. and Sastry,V.V.,'Currentefed induction motQor ana=
lysis using boundary-value approach',IEEE Trans(IECI)
Vol.24,pp 178,May 1977.

Defornel, B. and Noyes,D., ‘Transient characteristic ef an
Asynchronous machine current fed from a static cone
verter', Proc.IEEE, Vol.124,pp 884, Q¢ct.1977. -

Samir, S, Hamid, ABD-EL, 'Analysis and simplified represen-
tation of a current source inverter induction motor
drive', IEEE Trans.(IECI),Vol«.237, Nov«198Q.

Adkins, 'The General Theory of Altemating CQurrent Machines'

Concordia, synchronous Machine Theory and Performances
Meerov, Autgmatic Regulating of Electrical Maghines,

Alzemén, Theory of a automatic Controle.

Lawrenson,P«J. and Bowes, Se.R., 'Stability of reluctance
machine', Proc. IEE Vol.1l1l8, pp 356, Febesl97).



99

APPENDIX - I
THE SLIP REGULATOR - CONTROL STRATEGY

The drive under study makes use of a slip-regulator to
maintain the air-gap flux of the induction motor near its
rated value under below-rated speed operation of the drive.
such an aim can be met by varying the set value of wsf nearly
proportional to the d.c. link current. This control strategy

can be proved as follows.

The equivalent circuit of an induction motor is shown
in Fig.(I.l1) and its approximate equivalent circuit is shown

in Fig.(I.Z).

From approximate eguivalent circuit rotor current

can bé written as

!
v

i~ .
R
(r_+ Ve )2 + (W +u )2
- YS r!.‘ -Sﬂ/ e Xf(l e Xyz .

L] (Icl)

€l

where
‘xyl an@ xyz peus reactances at base frequency
Wo peusfrequency of operation
usﬁ psu. slip speed

Rewriting ahove equation

v
L = /ue 000(102)

R
T T 2 2
‘/('&2* mi() +(X{(l +xf2)
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For constant air-gap flux voltage/frequency ratio must
be kept constant and ignoring the stator resistance temm since

we-""> wsf the above equation can be simplified to

"1 = tonstant ovo(IbB)

R Tr |2 2
/( a—gy) + (X‘/l‘f' X¢2)

since, NSK/ i1s very small in actual cases resulting in

**

= >>(x, +x, ), hence above equation can be written as
Yoy ?l {2 _
i, = Constant |, wsﬁ
T,
= Constant . Nsy eee (104‘)

Thus, RoOtor current is directly proportional to ws!( and is

not dependent upon the p.us speed of operation.
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FORTRAN V.5A(621) /KI 18=AUG=82

i

APPENDIX - 11

PROGRAM FOR STEADY STATE ANALYS1S
DIMENSION WE(4),FIQS(B) ,WSL(100),UC100)
QPEN(UNIT=]1,FILE='"TS,DAT',DEVICE='DSK"')
OPEN(UNIT=3,FILE="'TS1,DAT’,DEVICE="'DSK')
OPEN(UNIT=4,FILE='TS2 DAT',DEVICE='DSK!')
OPEN(UNIT=S,FILE='TS3,DAT',DEVICE='DSK")
OPEN(UNIT=6,FILE='TS4 ,DAT',DEVICE="'DSK"')
OPENCUNIT=7,FILE='TS5,DAT' ,DEVICE="'DSK")
OPENCUNIT=8,FILE='TS6,DAT' ,DEVICE='DSK")
READCL,*),J,M,N

READCL,¥),(WE(1) ,I=1,.)

REANCY , *) (F1ac{L),L=1,m)
READC(C1,*), (U(K),K=1,N)
READ(1,%*),RS,RR,XS5,XR,XM,RF,XCU,WB
PRINT¥*,J,M,N

PRINT*, (WE(I),I=1,J)
PRINT*, (FIOS (1) ,L=1,M)

PRINT*, (U(K),K=1,N)
PFIfT*,RS,RR,XS,XR,XM,RF,XCD;MB
A=XR*XR

R=RR*RR

C=XM*xXM

PO 2 K=g,N

WSL(K)=1(K)/WB

DN 5 1=1,d

DO S Li=1,M

143490

PAGE

1
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wn

FORMAT(30X,'P U OPERATING FREQUENCY =',F8,3,5X,F12.8)

po 5 K=1,N

D=WSL(K) *WSL(K)

E=D*A+R

FIDR=WSL (K) *XM¥RR¥FIQS (L) /E
FIQR==WS[i (K)*XR*¥FIDR/RR
T=XM¥FIQS (L) *FIDR

TLEFIQS (L) *FINS(L)* (RS+RF+D¥C¥RR/E)
PO=T* (AE (1) =WSL(K))

EFF=P0/ (PO+TL)

SLIP=wSL(K)/WE(I)
WRITE(3,%),T,EFF

WRITE(4,*%),T,P0

WRITE(S,*),T,SLIP
wKLLE(8,*),T,TL
PRINT*,T,SLIP,FIDR,FIQR,TL,PO,EFF
CLOSE(UNTT=3)

CLOSE(UNTT=4)

CLOSE(UNIT=S)

-CLOSE(UNIT=8)

PO 6I=1,4

DO eL=1,M

PRIRT 10,WE(1),FIQSC(L)

N 6K=1,N

D=WSL(K)*WSL(K)

E=D*A+B
FIDR=WSL(K)*¥XM¥RR*FIQS(L)/E
T=X#*FIQ5(1L)¥FIDR

VQS=(RS+WE(T)*¥WSL (K)*CX¥RR/E)¥FIQS (L)



TP UK FURTKAN VY ,2ALDLL) /WL LB™AUG™N L 14:40 FAGLE 1=1 103

VDS:WE(I)*FIOS(L)*(—XS+CfD*XR/E)
PFA=ATAN(=VDS/VQS) /
PF=COS(PFA)
VESORT(VUS*¥VQS+VDS*VDS)
VR=(VQAS+ (RF+XCO)*FIQS(L))
PO=WSL(K)*FIQS(L)*XFIQS(L)*C*¥RR/E¥ (WE(I)=WSL(K))
SLIP=WSL(K)/WE(I)
PRINT ¥,WSL(K),vQS,VDS,PF,V,VR,P0,SLIP
WRITE(6,%*),T,V |
wRITE(7,*),T,PF

6 CONTINUE
CLOSE(UNIT=1)
CLOSE(UNIT=6)
CLOSE(UNIT=T)
STOP

END

sRAMS CALLED

ATAN,
5 AND ARRAYS [ "*" NO EXPLICIT DEFINITION = "$" NOT REFERENCED ]

) B *WR 2 ¥RF 3 *EFF 4 X 5



13
163
06 202
03 207
214
221
11 371

+ 376

RARIES

0 414

[ NO

9SL 14
F10S 164
XD 203
.50002 210
£XS 215
.50014 365
.50010 372
xPFR 377

ERRORS DETECTED

¥ThL

WE

50005

*XCO

*PF

XSLIP

*L

*RR

160

174

204

211

216

366

373

400

xy
50007
50004
50001
*¥RS
,50013
*1

¥VQs

161

200

205

212

217

367

374

401

*A
«50000

XXM
«S50012

*XR

162

201

206

213

220

370

375

104
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RPPENDIX - T1I

IMPLICIT CUOAPLEX(Y,7)

COMPLEX P

PROGRAM FOR STABILITY ANALASIS

DIMENSION FR(4),U(90),V(10)
OPEN(UNIT=1,DEVICE='DSK' ,FILE="SA1.DAT")
READ(L,%),N,n |
READ(1,%),R5,RR,X5,%R,XM,RF,XC0O,XF
READ(L1,%),WH,FKSL ,KSP
READCL,*), (U(K) ,K=1,N)

READ(L,*), (FR(Y),1=L,M)

READ(L1,*),FS,F1QS

. READ(if*)’(V(\])(J=1,3)

PRIuT*, i,
PRILT¥,RS,RR, XS, XK, XM, RF,XC0, XF
PRINT*,wH,FKSL,KSP |
PRINT#, (I(K) ,K=1,1')
PRIAT*, (FR(I),I=1,M)
PRILT*,FS,FIQS

PRINT*, (V(J),=1,3)
GZFS¥FS*XR¥XR+RR¥RK
FIDR=FS*XWX¥RR*FIQS/G
R=RS+RF +XCO
X=XS+XF=Xi{*XM/XR
RA=XM¥RR/XR

RR=RR¥RK/XR

RC=2,*RR

ANV

>

2



SR

A==RA¥FS+2, ¥XR¥FS*FKSI¥FIDR=RA¥FKSL¥F1QS
P=FS*(1,=KSP¥FKSL)
PRIT*,G,FIDR,R,X,RA,RB,RC,F,A,D

PO 5I=1,M

VK= (R4FR(L) ¥FS¥XMEXAXRR/G) ¥FL1QS
R=FS*R+R¥FKSLEFIQS+XMKXER (L) ¥FKSI,*¥FIDR=VR*FKSL
PRINT *,VR,R

po 5 J=1,3

Q=V (41)

PRI'T¥, W

DO 5 K=1,H

W=l (K)

P=CHPLX(=Q, W)

Z1=,2960462%p
22=FS¥FR(L)*XM+P¥RA/WR+PXPXXM/F
7.3=FS¥FS¥XR+RB+P¥RC/WB+P*PXXR/F
ZA=FS*X*¥P/WB+B

Z5=XM¥FIDR+FKSL¥Z1

26=A*xm*wxos-z3*zb

Y2=-D*Z1¥73+4KSPXFSXZ%6

IF(¥,EQ,0,) GD TO 10

Y1=v2/p

Y3=71%(Z2%A=73%24) +FS*XMXFIDR¥Z6
DENO=REAL(Y1)*AIMAG(Y2)=REAL(Y2)*AIMAG(Y])
FNEN1=REAL(Y2)*¥ATHAG(Y3)=REAL(Y3)*¥AIMAG(Y2)
FNEN2=REAL(Y3)*AIMAG(Y1)~REAL(Y1)*AIMAG(Y3)
IF(DEHO,EQ,0,0) GU TO 4 |

FKC=FuEN1/DENU

FKCT=FNEN2/DENO



i ¢ F U

10

rup LA

T=FIEH2/FNEN1

Ve dRMLWaGA) 7R

LO™AUGLTDL

PRINT *,FR(I),W,FKC,FKCT,Y1,Y2,Y3

GO

Y3=Zl*(ZZ*A-ZJ*Z4)+FS*XM*FIDR*Z&

Y1=Y2/P
FKC:-REAL(YB)/REAL(YI)

FKCT==REAL(Y3)/REAL(Y2)

L3837/

FAGLPE,

PRIT *,FR(I1),W,71,%22,723,74,25,726,Y1,Y2,Y3,FKC,FKCT

CONTINUE
CLOSE(UMTIT=1)

sTOP .

END

RAXS CALLED

ATHMAG,

AdD ARRAYS [ "¥" NO EXPLICIT DEFINITION - "g*

13
20
27

50

¥Z6

x7.5

*7.4

14

21

30

51

FR
*W
fw
xY1

*KSP

15

23

32

*71

¥T

¥K

34

54

¥ LDR

*FACT

*Yy2

p

*FIQS

&=

NOT REFERENCED ]

12
17
25

46

« b

s



70
75
103
241

247

RIES

[ NO

*RC 64
.50001 71

%73 76

¥ XM 104

.S0010 242

*F 250

ERRORS DETECTED ]

.S50004 b5

*XC

*X8

U

*FS

¥RR

0

12

100

105

243

251

*A

¥FNEN2

X

¥R

*¥Z2

¥RA

66

73

101

237

244

252

.S0003 67

«S0000 T4
xRS 102
¥*PRSL 240
¥1 246
¥X¥ 253



H, N

FOIRTRA. V,2A(621) /41 ld=Rlitym=t g 14347

APPENDIX IZ

I PLICLT CUPLEX(Z,C)

HI‘EfStﬁ’ CSL(10C),  F(4),UC100)

OPF . (1. TT=1,FILE="H,DAT*,DEVICE="DSK")
ObFf (¢ I1=2,FILF="H2.DAT’,DEVICE="DSK")
CPE (5 Tr=3,FILF="113.DAT’,DRVICE="DSK")
Cex (i lv=4,FTILE="d4.DAT’ ,DRVICE="DSK”)
CPE (J.lm=5,FILE="H5.DAT’ ,DEVICE="DSK")
GPE (U IT=6,FTLES db DA™Y, DEVICEZ"DSK")
NPEN (Yo TT=7,FIIE= HTDAT  , NRVICE="NSK”)
CPF (U IT=8,FILF="HB.DAT" ,DEVICE="DSK ")
REAN(L, %), 5,
REAJCL,*), (LECI) ,d=1,%)
REAN(L,%),FI0S,FIDS
RHAW(l,f),fu(x),K=1,»)
REAT(],%¥),RS,RR, XS, AR, X ,RF, XCU, 't , KF
READC(L,*),T0O,FKC,T,K8P,FKSI,

PRI Tk,,1

14

PRLE«T*, (wE(J),d=1, )
PKI..T*,FIQS,FINS

PRITx, (U(K),K=1,i)
PRINT%,KS,RR,XS,XR, X ,RF,XC0, 4B, XF
PRI IT*,T0,FKC,T,KSP,FKSL

AA=XR*XR

B=RR*¥RR

AC=x.1%X

PRI T, AN, R,AC

PAGH

1



SEL(K)Y=0(R) /0

Da SJ=1,

D5 I=t,!

SUSL(T)® (SL(T)

E=DXAp+1

FIDR="SL(T)*XI'"¥RR*FLQS/F

FIGR=« SL(L)¥XR¥FINR/RR
VOS=(RS+ALJIXWSL(TI)*¥AC*RR/E)XFLQS

VNS= (K (J)*FIQS* (=XS+AC*¥DXXR/E)
VESORT(VAS*¥VQAS+VDS*VDS)
TE=X %¥F1QS*¥FIDR
FRT=X1/(6,¥TQ*WE(J))
PRINT*,"E(J),wSHL(1),F1DR,FINR,VAS,VDS,V,TE
ZASFKSL=ZJ¥FKT*FIDR
R==LIXFKC/ (A ¥UBXIE(JT) I+FKCHT
L=2J%p ,xvE(J)
YAR=X"1X*FTNS+XR*FIQR
YDR=X""*F[DS+XR&*FIDR

YOAS=XSRFINS+X 1XFTAOR

YDS=XS¥FINS+X (XFIDR
Zl1=RS+RF+*CU+Z*(XF+XS)+YOS*ZA+ZB-ZJ*KSP*FKT*FIuR*ZB
ZI2=2 AR () XXS4ZI¥FEKT*FLQR*YDS + 2 ¥KSPAFKT*FTQR*ZR
Z213=L%xX:

214= K (J)*¥XN=ZJ¥FRT¥YDS*¥FIQS=ZI%KSPXFKT#*FLOS*ZB
Z21==E(J)*XS=YUS*7A
7222=RS+7AXS=ZJ¥FKTXFITUR4YOS
223== IR (J)%X0

L2aShRY e 7 JERKTRY L USXFT IS



H,oFan FURT N Vo980 (521) /81 JU=AUGL~B L 14344 rALE 1=1

Z31=Z%X +YORXFKSL
732=30,(T)¥X#
433=RR+Z*XR
Z234=wSL(TI¥XR
Z41==uSL (1) *X1=YQR*FKSL
242=7%X% .
7.43==-§f (L) *XR
L44=RUY+ 7% XR
A=2,/35.%F10S¥FKSL
Z1==(25+7.¥XF+RF+XCO) ¥2./35 ,%FTOS=A*YDS=70%12,/35.%¥212%FTQS+2,/35.
1 *¥(ViiS=7J%6,%VDS)
L2SVOSKA=70%7.22412, /35, ¥F 105 .
zs:-ynR*A-ZJ*z32¥12./35.*F1us’
ZA=~Y§R*p-ZJ*z42*12./35.*?1ms
7295=43=-734%%4/744
751=731=-734%241/244
252=733=734%7.43/744
26 =21=713%25/052~%14/744%(24~743%25/252)
153=211-713%251/252+ (743%751/7.52=241)%714/244
.
C1uS=76/753
FTO96=8"RT((RFAL(CIVS))# (KEALCCIWS) )+ (AIRAG(CIQAS) I¥AINAG(CIWS))
CThS=70%12./35,*%F10S
FInszsu«T((PkAr(CIPSJJ*(RQAL(CIDS))+(A1nAe(c108))*aImAG(CIUSJ)
CLORS(25=/91%CTV8) /452
FTORE=STRY((REALCCT 'RY)I*¥(REAL(CIQR) )+ (ATLAG(CIOR) ) #AT AG(CIUR))

CIDR=(71=741%CTCS=2¥3%CIQR) /244



1L

FiSt=sGRT(FIDSHO*¥FIDSO+FIGS6*FLOSH)
Flkkh:SURT(F[nRe*FIu«ﬁ+FIuRh*FTO§b)
CvinS=721#CLOS+223*%CLUR+7Z.24%CIDR-Z2
VOSHsGORT((REALCCVDS) ) * (REAL(CVRSY)+ (ATHAG(CYNS) ) *ATLAG(CYDS))
C'Re=ZJ%FRTF(FIOS¥ (CINDR=ZJ*¥12,./35.%¥FTUR)+FINDRXCIOS)
WR6E=SORT ( (REAL(CHR) J¥ (REAL(CWR) )+ (ATMAG(CIR)I*¥AINAG(CR))
CIR=CT(S+2+/35.%FIQS
FIRe=SQRT ((REAL(CTRII*(REAL(CIRYI)I+(ALNAG(CIR))*ALIAG(CIR))
CSlszxsp*CuR
FSIFA=SORY((REAL(CSIR) )*¥(REALCCSIR) )+ (ALMAG(CSIR) IX¥AIMAG(CSIR))
CVK=Zb 4 (~KSPXCER=CTR)
VRo=SCRT((REAL(CVR) ) ¥ (REAL(CVRY )+ (AIMAG(CVR)I¥ALIMAG(CVRY)
CVI=CVR=(Z*XF+RF+XCO)*CTR
VIo=SCRT((REAL(CVI))I¥(REAL(CVII)I+(AI®AG(CVI))4*AIAAG(CVL))
CVUS=CV1+2./35.*Vns~£d*12,/35.*VDS
VOSH=SART((REAL(CVASI)I ¥ (REAL(CVASY )+ (ALHAG(CVRS) I *¥ATIHUAG(CYGES))
CTE=X, ¥ (FICS*¥(CINetm7Zux%x12,/35 . ¥FIQR)+FIDR*¥CIWS)
TFS:SURT((REAL(CTH))*(RHAL(CTE)}%(ALMAG(CTE))*ALMAG(CTE))
C SL=tK8L*CIR

FOSLEESORT ((REAL(C: SU) I¥(REAL(CISL) )+ (ATHMAG(CUHSL) ) ¥ATAAG(C 18L))
C F=C p+C .30
BEOSSORT((REAL(C=E) ) ¥ (KEAL(CWE) )+ (ATIHAG(CAE) ) ¥ALIKAG(CVYE))
VOSHEORT(VASHXTOSH+VISHFIVDES)
PRLATX, FTOS6,FTNS6,E'TH6,FICRG,FLORG,FFIRR6,FIR6,FSIRG
PRT.Tx,VN56,V086,VR6,V16, V6 | '

PROT®, Kby, 0, .816,TFH

HITR(2,%),TF,Tu6

VRTTE(3, %), TH, LR6

TR (A, %), TY, V6



H,oEuT

(641

FORYRaw V,50(621) /KI

WwRITE(S,%),TE,F1S86
“RITE(6,%),TE,FIRKG
JRITR(CT,%),TE,«51,6
YRITE(BR,%),TE,kE6
COATT UK
CLOSE (U TT=1)
CLUSF (Y :11=2)
BUSE () 11=3)
CLOSK (U T17=4)
ChOSE(UuIT=5)
CLOSE(U /TT=6)
CLOSE(NTIT=7)
CLOSE(U (17=8)

STUP

Ew

JGRA3 CALLED

CvPLX,

38 AwD ARRAYS L "%" 0 EXPLICTT DEFTAITION

12

ALEAG,

X7.8 2 *71

LI 13 KR P

lbmAlIG=BY

14

*¥212

*751

131242

6

15

PaGe

LA

*CINK

1w2

" NOT REFERENCED )

10

17



32

40

50

222

231

241

247

255

267

274

304

JO 313

321

332

337

520

526

534

ARILES

0 541

{ NO ERRORS DETECTED )

¥*CV2s

xCYw

¥ ‘R6

*V

¥FSTRG

¥V6

¥CTvs
S 0H5
«Sufn3

¥7.53

¥ E6H

LYA]

*FIDSﬁ

¥XM

%243

*XR

¥RR

*CTE

33

51
224

233

242

250

761

270

276

306

314

X' TRO

*¥7.41

AVTH

CXFTUSH

TG

*FTOR6

%742

*TF

.50004

*714

*XCi

*TEb

*CSTR

¥FKT

U

¥72

¥VDSe

*YDOR

*XF

34

53
225
234
243
251
263
271
277
310
315
324

334

x¥VD§

G831

*252

X224

XM

¥FIOS

«50006

*YQ86

*ZJ

»50001

¥ LOR

*C TR

*AA

¥FIRRG

*[

¥FIDS

xVQs

35

45

54

226

235

244

253

2604

272

301

311

316

326

335

506

516

524

532

xYnDs
%734
%75
¥AC
*OwE
*7.4
*J
*¥*CIR
*A
.50002
*YOR
¥C 4Sb
*732
¥RS
¥711
¥*FIOR6
¥YQS

*\-’JSDb

37

46

220
230
237
245
254
265
273
303
312
317
330

336



DULGPUK FURTKAD VeDALDLLY /7D LH=AULTNL 14834 FAGUF,

(@

@]

RPPENDIX - I

PROGRAM FUR TRAJSTERT AMALASIS
QPEM(UH/IT=] ,DEVICE='DSK! ,FILE='AT1.DALY)
OPEH(UNLT=2,DEVICE="DSK' ,FILE="AT2,DAT")
OPEN(UNLT=3,DEVICE='DSK' ,FILE="AT3,DAT")
OPEA(UNTIT=4,DEVICE="'DSK' ,FILE="AT4,NAT")
READ(1,%),RS,RR, X8, XR,XM,RF,XCO, XF
READCL,*),KSP,FKSL,TQ,TLO,wB
READ(CL,*),FI1Q80,wSL,WE,WR0
READCL,%¥),SWR,SFIRO,FIMAAX,T]
READ(1,%),FKC,T,G .

PRINT *,R5,RR,XS,XR,XM4,RF,XC0O,XF

PRINT ¥,KSP,FKSL,TQ,TLO,WB

PRINT *,F1080,wSL,%WE, xR0

PRIKT *,SWR,SFIRO,FIMA&,TI
PRINT*,FRC,T,G

R=RS+RF+XCOD

X=XS+XF

D=WSL¥WSL*XR¥XR+RR*RR
FIQRO=-wSL*w5L*XM*XR*FIOSC/D
FIDRO=wSI ¥ XMXRR¥F1QS0/D
VASO=(RS+USL¥VEXXM*XM¥RR/N)*FIQSO
VRO=VQS0+(RF+XCO)*F1QS0
TH:XM*FIDRO*FIQ;O
PRLIT*,F1050,FIQWR0O,FIDRO, RO, VRO, 4SL, v E,TE
K=1 -

TIMF=0,0

1

15



10

11

12

02¢=0.0

03u=0.0

040=G,.0

Q50=0.0

KK=0

STEP=1
A=1./(X*XR-XM*XNJ
WRITE(3,%),TIHE,FIGSO
WRITE(2,*),TIHE,WRO.
WRITE(4,%),TINWE,TE
IF(SWKR.GE.WRO) GO TO 11
#SLE=FIQSO*FKSL

GO TO 12
W$L=+FIQSO*FKSL
WESARO+JS,
TL=ETLO+G*4RO¥ 4RO

IF("A"RO.L'TIOQU) TL-—-"TL

Fl=a*(-R*XR¥FLQSO+X"1¥RR¥FIQRO+XR*¥VRO~XM¥XXR* (WE=wS[,) ¥FLDRO)
92=A*(R*xmxquso-x*RR*FIQRo-xm*VRo+(WE*XM*XM-NSL*XR*X)*FIDRO)
F3=1,/XR¥(WSLAXMXF10S0+¢SLEAXREFIORO=RR¥*FIDKO)

FAa=1,/TQ¥(XMN*FIQSO*FINDRU=(TL))

FK10=TI*F1
R11=,5%FK10-010
FIGS1I=FIOSo+K1L1
W11=Q10+3 ,%R11-,5%FK10
FK20=TI*F2
R21=,5%FK20=0G20
FLQRI=FIQRO+K21

W21=02043,%R21=,5%FK20

116



YA e

95]00
05840
059u1
06000
06109
16200
16300
16409
o
16500
16630
Y6700
1680y
16900
17090,
b7100
7200
P300
17400
7500
T600
770y
7800
79¢0
| .
8000

81lvd

8200

11 L T UR [ IV IDVAIY Y gum\tzg ) [ 1na AT RVAY K ATTR T

3

2

c

13

14

FK3IC=T1%F3
R31=,5%FK30-Q30
FIDR1=FIDRO+R31
W31=Q30+3,%R31~,5%FK30
FKA40=TI*F4
R41=,5%FK40=Q40
WR1=WRO+R41
(141=040+3,%R41~,5%FK4Q
SIR=SFIRO+KSP¥ABS (SWR~WRO)
DSIR==KSPXF4
IF(SIR=FINMAX)2,3,3
SIR=FIMAX

DSIR=0,0

DVR=FKC/dB* (STR=FIUSO)+FKC*T*(DSIR~F1)
FKS5u=TI*DVR
R51=,5%FK50«050
VK1=VRO+R51
Q515u50+3,%R51=,5%FK50
STEP=2
B=f1.-1./soRT(2.))
IF(SWR,GE,WR1) GO TO 13
WSL==FIUS1*FKSI \

GO T0 14
WSL=+FIOS1*FKSL
ARSVRLI+ S

TH=TLO+3*¥WR1*¥9RY

LS R S & 2



08400 F1=A*(—R*xa*pxus1+xM*RR*FIQR1+XR*VH1-XM*XR*(wE-WSL)*FIDRI)

08500 F2sA¥ (R¥XMAFIQS1I=X¥RR}FIQRL=XFVRI+ (WEKXMAX A=W SLEXR¥X ) ¥FIDRL)
0860y F3z1, /XR¥(HSLXXM¥FIQS1I+vSL¥XR¥FIQR1~RR¥FIDRL)
* .

08700 Faz1,/Ta¥ (XM¥FIWSI¥FINDR1~(TL))

04400  FKL1=TI*F1

0890V R12=(FK11=Q11)*B

AV FI1Q82=FIUWS1+R12

09100 : 012:u11+3.*R12-H*FK1;

292v4 : FK21=T1%F2

09300 K22=(FK21=Q021) %R

&UC FIGK2=FIQR1+R22

29500 022=021+3,%R22~B*FK21

39600 FK31=TI*F3

29700 R32=(FK31~-Q31)%B

J980Q ' F1IDR2=FIDR1+R32

9900 : Q32=031+3,%R32=B*FK31

£0000 FK41=71%r4

L0100 R42=(FK41=0Q41)*B

bQZOG WR2=uR14R472

10340 Q4722441+ 3 ,¥R4A2=BXFK41

10400 SIR=SFIRO+KSP*ABS (SWR=WR])

10500 DSIR:-KSP*F4I

10600 IF(SIR=FIMAX)4,5,5

10700 5 SIR=F1FAX

10800 DSIR=0,0

rﬁ900 4 DVR=FKC/ WX (SIR=FIGS1)+FKC*T¥(DSIR"F1)
11000 FK51=TI*¥DVR

11100 R52=(FK51=Q51)*B

1200 VK2=VRI+R52



iAo g BllalUK FURKIRAL YeDRALOLI) 714 LOTAULT 0L L4e 2 THOMN LTZ

5&}00 (052=051+3,%R52=R*FK51

il400 ¢  STEP=3

11500 C=l,+14/SURT(2.)

11600 + IF(S#4R.GE,uR2) GO TO 15

11500 , WSL==FI10S2¥FKSL

118900 EO TO L& |

21900 15 WSLE+KFIAS2*¥FKSI,

:igpo 16 WEZUR24+WS],

1219v , TL=THLO+G$WR2¥WR2

12290 IF(WR2,,T,0,0) TL==TL

L2390 FA=A¥(=R¥XR¥FIQS2+XM¥RR¥FIOR2+XR¥VR2=XMKkXR¥ (WE=SL)¥FIDR2)
42490 F2=A*(R*XH*Fxosz-x*xk*FloRz-xn*VR2+(wn*xm*xm-WSL*XR*XJ*FlnRZ)
12590 FI=1,/XR* (W51, ¥XAXFLAS 2+ HSL¥XR*¥FIQR2=RR*F LDR2)
12600 F4=1,/TO* (XN¥FIQS2¥FINR2=(TL))

12700 FK12=TI%F1

2800 R13=C¥(FK12=012)

??900 FIQS3I=FIQ82+R13

13006 013201243, %¥R13=CHFK12

131u¢ FR22=TL#F2

13200 | R23=C*(FK22~0Q22)

1330v ' FINR3=FIAR2+R23

13404 023=Q22+43,%R23=C¥FK22

13500 FK32=TI%F3

|

23660 R33=C*(FK32-032)

13700 " FIDR3=FIDR2+R33

1380v G33=032+3,*%R3I3~CXFK32

LA [N 7 sy L L)



R A

14000 RAI=CX(FKR4Z=0N42)

i4lou WR3zZWwR2+KRA3

14200 "43=042+3,%R43-CxFK42

>

i4300 SIk=SFIRO+KSP*ABS (S4R=AR2)

1440y DSIK=whoP¥F 4

i4500 LF (SIK=FLHAX)6,7,7

i46u0 7 SIK=FInAX

14700 DSIR=0,0

14800 6 DVR=FKC/WB¥(SIR=FIQS2)+FKC*T¥(DSIR=F1)

14900 FK52=TI¥DVR

000 ; R53=¢*(FK52-052)

15100 UR3=VR2+RS3

15200 . 053=052+3,*R§3=C¥FK52

15360 ¢ STEP=~4 -

1549y IF(SAR.GE.WR3) GO TO 49

15500 WSL==FIQS3¥FKSI,

15600 | GO TO 20

15700 19 WSL=+FIQS34FKSL

15800 20 wE=dR3+4S],

15906 TL=TL0+G¥WR3I*&KR3

16000 IF(VR3.1T,0.0) TL=-TL

16100 F1zAX(=R¥XR¥F10S3+XMARRXFIQOR3+XR¥VR3=XM¥ XK* (WE=nSL ) ¥FIDR3)
16209 F2mA% (REXMKFIQS3=X¥RRAFTORI=XMAVR I+ (WEKXMAXN=NSL*¥XR¥X) ¥FIDR3)
16300 F3=1,/XR¥(WSL¥XMHKFLQSI+WSL¥XREFIQR3I=RR¥FIDR3)
16400 F4=1,/TQ¥ (XitAFIASIXFIDR3=(Th))

16500 FK13=T1%F1

16600 R14=,16667%(FK13~2,%013)

L6700 FIOS4=FIQS3+R14

16800 014=013+3,%K14~,5¥FKk13



L6YND
Pl
L700v
L7100
{7200
17300
{7400
17500
L7690
|
L7700
17800
17900
18000
18100
18209
18394
18400
Ay
WSOO
L8600
B7¢u
8800
8900
900V
9100
[
9200

93¢0

940¢

~

FK23=T1#K2

R24%,16667% (FK23=2,%023)
FTUR4=F LuR3+R24
Q24=Q23+3,%R24=,5¥FK23
FK33=T1#F3 o
R34z, 16667%(FK33=2,%033)
EIDR4=FIDR3+R34
A34=033+3,¥RI4=,5%FK33
FK43=T1%F4
R44=,16H67¥(FKA3=2,%043)
WR4=WR3+R44
(144=Q43+3,¥RA4= ,54FK43
SIR=SFIR0+KSP*ARS (SnR=WR3)
NSIR==KSPX} 4

IF (SIR=FINAX)R,9,9
STR=F11AX ’

DSIR=0,0

DVR=FKC/ {B*(SIR=FIQS3)+FKC*T* (DSIR=F1)
FK53=TI¥DVR
RS54=,16667T*(FK53=2,%Q53)
VR4A=VRI+R54
0542053+3,%R54= 5%FK53
TE=XH*F [US4*¥F1DR4
TINE=K¥TI/314,
IF(KK,LT,10) GO TQ 50

pRII"{T*,F[.("S4,FIQR4’F‘II)RI{’hRq' VR4’WSIJ, WE,TEISI‘{,OSIR,TIM!‘



19600
19704
19800
.

19900
20000
20100
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