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. . ABSTRACT

7

A time domain model of an adjdstabla and precise spead-
controlled AC drive system has been developed "and simulatéd
on a digital computer. In this analjsis, starting
transients as well as steady state speed controi performance
of the system have been studied. In order to improvse the
starting performance signifigéntly, .a modification has been
incorporataed i; the control scheme for the starting périod,
~only. This modificationm avoids . traditional oscillatory
behavior of the induction motor and reduces undegired‘high

current peaks (with a higk starting torque).

Tc varify the validity of the time domain ‘model and the
sipulation méethod used 1in this analysig,»éltﬁe*/ESEputed
. Tesults wvere céqpared and found matc%}&g favourably with

those reported in the literature [1.,5] ’

The model has been simulated in two d;ffekgnt wang'

the first case, . it neeés an inversion of a time dependent
matrix iao. everf step of ' integration which is a most -
ineffficient conputationil operation., But for efficient
computation, a second method has been tried vhere the
voltage equations for stator and rotor ci:cuits of the motor
vere developed separately to avoid the 1nver51on of the
patrix. ) -
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IKTRODUCTION

The degree of’ accuracy and sophisticatfén ‘of speed

-. control required " in industrial drives basically depend on -

i  the application. iIn ‘soma applications -the, oéan loop.

regulation ‘of the drive motor is' adeguate. In' others .

)

feedback control is required for. ' be pg:fofmancé.

‘Conventionally, this is achieved‘by an alkalog servo éeeﬁback

' systeh* iﬁ vhich any ;changé ;;n sbeedﬁgis_\sensed <by a
tachoueter and compafed.iith a fixed référeﬁée volta;; to .
generate a &ortection signal. ngévér, this analeg feedback .

system 1is ©not satisfactory in ' some aﬁplications where

-

excellent speed regulation and, 6 fast dynaaic responée-'is

-requiréd. These features can be achieved by using a Digital

Ehase-lock?d io;p- (PLL) method. 1In the__phése;locked lqoﬁ
hethod, motor speed 1is convert?d to a _dig;tal pulsq‘train;
which is synchroniied vith the reference digital-. pulse
train; In this'way, by locking onto a reference frequency

L4

- precise control of motor speed is achieved.

Automation of production industries on "an increasing

-

scale has resulted in an increase in demand of adﬁustabie
and precise spged controlled d:i;e systens such as ;hdse
used for cohveyoré, rolling, ltextile {md paper qills ete.
In the past EC motors ;ere widely uséa for %his pu;pdse. But

-
J

-

. - xii - : ‘a



im recent yearc due to numerous developlents in the
technology of solrd state devices 1like IC's ana thyrzstorsw
~it_ has been poss;ble_to build inexpensive, conpact _and
reliable Phase-locked Loops and power supplies of adjustable
freguency'hand voltage. " This development has nade it~
. possible, to -nse-AC motors. (insteed of DC notors) for
adjustable and prec1se spaad controlled drive systems. ~ AC

motors such as squrrrel caga induction motors are robust,

rugged and economicals : ‘ o4

Recently, a few appllcat;ons of such drive systems using
.AC/DC motor and PLL‘have been reported [1,2,3]. In these
reports a‘frequency domain-nethod has been used tc model and
analyse the—s%eady state performance of the complete .drive
system. Besides precise speed control, the starting of
large AC motors is also of great concern. Tnis is due to the
very high initial currents and oscillatory behavior. This
has increased interes; in the study of transient perfornance
"of adjustable speed AC drive system having an’ induction
motor., - For effzczent performance, it is therefore necessary
to stud} both steady state and transzent performance of the
sfstem before implementation (whlcb is not possible by

~

frequency domain method).

[N

Por this purpose, in this thesis, a time domain model of
the complete. system (Pig.1.2)  has been developed and

simulated. The time domain analysis as presented here

- ;iii -



-{iy fast 8'smooth sééed pickﬁp' -

-
2]

provides valuable - information on starting tramsients along

"with speed control performance. To verify the validity of

the model and .simulation method, the computed results for

speed control performance have beeh compared with the

repoited test results [1]." Further, the coatrol schgmé kas

- - : . *
been modified (as. shown in Fig.1.2) in order to improve tie

- . ' L) " - .
_starting: performance vwith . respect to the - following

-

characteristics:

(ii) low current peaks

\

(iii) high torque. .

-

Due to this modification, starting performahce was improved

significantly.

~
-—

In the next paragraphs, an overview of the thesis has

-

been presented. In chapter ome, the basic principle and

applicg;ion of a PLL in notor speed control including the

&

. "modification in the comtrol scheme for improving starting

‘%erformance and operatiocnal description of the system have

been discuésed.

- ‘

In cﬁapter two, before éresenting the ﬁathenatical model
for each module of the system, a functional destriptionr is
described for different no@ules of the complete systea. ' In
chapter three, 'using a mathematical representétion for

different modules developed in the previous chipter, a state

space model has been developed for the cozplete dynamics-bf

r.
- xiv -~



the systeam, Later on,- it is used for digital simulation

v
.

chapter four, whers-pumerical results are also discussed.

Lastly -this thesis has been conéiuded with the scopa

/' .
further research in this field of interest as perceived

the author. °. ) . .

. . L
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.‘b’y
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-,. Chapter I

A

BASIC PRINCIPLE AND SYSTEM DESCRIPTION

In this chapter, “the basic principls of a PLﬁ"aqd its.

'application to the control of motor speed and stacting

currents (with higH torque).have bheen described. = After ‘the
introduction of PlLls, the operating ‘principle of the

complete drive system and modif;ed control scheme have been

explained.

1.1  BASIC PRINCIPLE

Y

A PLL

A basic PLL conéigts of a phase detector/ccmparator, a
loop filter, volfage-controlled .oscillator (VCO) and
referenée oscillator. The block diégram of the basic phasé'
-locked ldop is depilctad in Figc1:1. The comparator

generates a voltage which is proportional to the difference

in fregquency or phase between a  voltage Ebntrolled

oscillator signal fv and‘? reference 6scillator signal fR.
This dc  error voltage is filtered to produce the required
dynamic response and applied to the modulating imput of the
vCo. The ou;pnt frequency of the ¥VCO is inversely

proportional to its ipput voltage. *

-
If the VCO output is lower in fregquency or lags in phase

' with that of phe reference ' oscillator, the error voltage



-

reremence | Faoo A

OSCILLATOR Fy " coMPRRATOR - . S N
. ‘ ,
FILTER
. 1r‘Vf . -
- . . _ VOLTAGE - B .
. ~ - CONTROLLED < . .
OSCILLATOR ' s

-

Figure 1.1 =~ Block Diagram of Basic Phase-locked
-Loop {PLL)

ey "

-

appearing at .the output of the comparator will decrease. The
-4
v

cutput frequency of the VCO will then increase (or gaim in
phkase) to ‘compensate for the original error. . The error
voltage is 2zero only vwhen the two signals are exactly in
lphase. A slight lead or lag between the two will result in a
corrective voltag;’\énd compensation will -automatically~
occur. In this way, L;th a properly designed filter, the
output fregquency of the\VCO can be made to phase lock with,

and therefore track with extreme precision, the .-frequency of

the reference oscillator. -///

The accﬁrac{ with which the VCO o¢utput frequency tracks
thé reference frequency is dependent on the dynanmic
chéracteristics of the feed back loop and limited ultimately
only by the stability of the reference oscillator.

-9 -



1.2  APPLICATION OF PLLS IN MOTOR SPEED CONTROL

-

Phase-Locked Loops were devblopeﬁ ino the'TQBO's and have
since 'been extensively used in communicatioa systauos.
X LS . .

Although' tﬁq primary. aﬁplicétion for PLLs has been in

- frequency synchronisatior of receivers, a lesser known

" application area has now turned out to be almost equally

important - the precise control of the BOtor spead. By

locking onto a reference frequency, speed accutracias of

$+0.002% are possible, which represents almost a hundred fold

improvement over earlier methods of speed regulation [4].
The conven%ibnal zethod of anotor sgeed ;ontrol is with
analog éervos. However, .it waé not until the past few
vyears, when PLLs could be assembled‘with IC's, that they

became  economical enough _for such applications and

relatively simple to desigr into systesms.

In this tresis, a typical system (as shkown in Pig.1.2)
for control of induction mokor's speed and starting current,
has been studied and anma x§ed; The closed loop speed-
ccatrolled drive system is compriséd of a phase detector,
£ilter, vCO, phase controlled rectifier, voltage source
inverter, induction motor and an optical speed encoder.

Basically, the'system'configuration is very similar to basic

PIL in whick the VCC block bhas been replaced by a

combination of phase-controlled rectifier, . voltage source
inverter (VSI), induction motor and digital optical=~speed

encoder. The use of an induction motor and other blocks as

LS



.

. . % R )
response time of the. overall system.

-

vco';nprL increases the complexity of the locp design and’
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Figure 1.2'- Bleck Diagram -~ Digital PLL for Induction Motor
Speed Control

-

The fea2d back pulse train of freguency fv (proportional
to the actual motor angular speed_ﬁm) from the optical speed

encoder  is compared by a digital phase—fiequency detector

¥ith the reference pulse train of Equuency £ from the.

R
crystal clock. The detector output error voltage (ve) is

filtered and amplified. The filtered error voltage %.is used

to modify both the dc output (ﬁi') of the controllad
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rectifier and the frequency (fco) of the VCO. In turn it
cﬁanqes tie ﬂamplitﬁée as -well asl freqnency.ofl the VSI
‘bptput.‘ Then'th; VSI output is fed to the induction motor.
As a result, the motor speed changes therety reducing the
frequbncy differencé between the two pulse trains. .'By.
locking of the PLL, the inductiqn nOtor Speed is perfectly

»

synchronised with tke reference speed.
1.3 ggn_;f:cn:on PROPOSED
As»nentioneé iﬁ the introduction, the starting current
and oscillatory behavior of the indpction moter . is also of_
great cohcern. The starting performance of <the induction
- motog could be improved significantly, 7if thé input voltage |
and freguency to the motor are increased smoothly (instead
-.0f a step input vol?age)[&]. Bere, a simple modification in
the conirol ngele (usgd for speed control coly), has been.
proposed to improve the'starting. performance of the systen
su@Stantiélly. “In this modification, to have positive
feedback finsteadl of negafive feedback),' a iloverter block -
(for changing the sign of Yf ) 1is introduced just aftér the
filter block with a time switch (és sEotn in. Fig.1.2). As a
result, thetvco frequency fco and phase controlled rectifier
d.c.voltage v, are now proﬁort;onal to the filtered error
voltage E (instead of inve;sely pr0portiona1 to the . ¥ ).

f

This is used only during the starting period. The V., and fco

d
inputs to the VSI increase the anmplitude as well as



Y .

frequency of the VSI oytpui voltages (input to the motor)

linearly with the incredse.of actual amotor speed “(as shown

in Fig.a.é-u.G)‘; The lingar.increase of frequency and
voltage to the input of the motor lead to a Qﬁicker and
smooth spead change with lowar curreects and constant high

torque during the starting perioed.

Vi



Chapter II

EUNCTIONAL DESCRIPTION & MATHEMATICAL MODELLING

In this second ckapter, "before starting fhe matﬁematical
modalling of the different amodules }ndividually. a brief
functional description of éach-.module has been provided for
better understanding. later on, each module of the systei is
expressed mathematically vhich is used to -develop a complete

‘time domain state space model in the next chapter. ,

2.1 CPTICAL SBPEED ENCODER:

The digital optical speed encoder is used.té convert the
motor spesd to a digital pulse train., It contains a light
encoder and Schaitt trigger as shown in Fig.2.1. The light
encoder consists of a.disk mounted on a motor shaft with a
punber of holes on the perimeter and an opto-electronic
emittér detector assembly. The output frem the phot&-
transistor is not a perfect square pulse‘frain. To have the
perfect digital waveform, the Schmitt trigger circuit is

employed in the speed encoder.

The speed encoder generates a pulse train of freguaency fv

proportiopmal to the actual speed of the motor ¥ (radian/sec)

which can be expressed as

Vie™ A Sign [Sin(N.w )] ; (2.1

-7 -
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g

Figure 2.1 - Digital Optical Speed Encoder

<

-

& fv =_2'NT‘-. 5 . . - (2-'2)

, o .
wvhere ¥ is the number of holes on the disc of the encoder

and Sign(x)=1 for x>0, and:1 for x<0.
e

~ -~

T

2.2  PHASE-FREQUENCY DETECTOR: '

Ehé digitgl 'phase-frequenéyldétector (PFD) is the most
crucial part of ;he systen, } IE‘;hould have the following
properties (i) unsenstive to the%%himoﬁics (i) unsenstive
to the change of dutj cyclas of the two pulse tfaihs,aﬁd
(1ii) wide linear operating range. & widely used sequeﬁtial
PPD is shown in Fig.2.2 which has the above =mentioned
properties. It consists of €four flip-flops,plus addiﬁlonal‘
logic and is available in several versions as a single‘chip
IC, Its Ac;ive phase range is 3360°ihich is double that of
other phase detectors. The PPD characteristic is linear and

'aperiodic over the emtire range (Fig.2.2).

.‘.8_u . ]
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Figure 2,2 - Digital Phase-Freqﬁency Detector and its

« Cheracterstic

Operation of the circuit can be analysed by examining the
12 differemt logic. states possible and fhe transitions
between'tﬁe states caused by the two inputs R and V. In the
unlocked conditions{ the analysis indicates that one

terminal (U or D deﬁending upon the sign of the frequahcy
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d3fference1 u;li remain hlgh as long as the loop 1s out of

lock and the other term;nal swltcheﬁ back and forth between

f levels in a manner determined by the frequency and phase

difference. The detector provides an average dg - signal to
’ - 1 )
the locp filter whem out of lock. T _ R

.
-
+

The detectdr output vBltage ve,is proportlonal to the

¢requancy dszerence betweeuQ\Jgffwo pulse traims (feed back

and refe:gnce). Its output is cbmposed of a DC compouant

and harmonics. -:Theée'harmonics are eliminated by the loop

'“filter used in the system. Therefore, the detector output-

can- be expressed s;mply by f

)

¥, ‘3' 2m Dl (fv/i -1 (2.3)

-... .. e

. 7.'-‘-,‘_
2.3.  FILTER:

Tua basic function of the loop filter is to remdve the’

(undesfﬁed) harmonics from the detector output error voltage
kve). "But it also plays a s;gnificant role in detérnining
the.stabilitf and dynanmic 9erfo;naﬁte of the system. Its
selection is usuaily made on the basis of desired
ﬁerformancé of the ;ystem. Here a vefy common first order
active filter as skown in Pig.2.3, is wused which can be

easily modelled as

t

V.= = (R, /R)) ‘; - (1/91cijedt (2.4)

- 10 -
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Figure 2.3 - Active Loop Filter

This £iltered output is <then amplified to get the
appropriate level of ,voltége required for changing both dc
output of the controlled ractifier Vg and frequency £, of

r

tke VCO.

2.4  DIGITAL VOLTAGE CONTROLLED OSCILLATOE: “ 235

The digital ¥Co, as shown in Fig. 2.4, is an astable
multivibrator with variable resistor & (using N-chghnel
*hhijunction transiétor) whose-krequency is a fuanction:of
-filtered error voltage Ve o The . value of R vafies
.approximately between 1K ohas to %_(10K ohms). These limits
are determined by the parallel conbinat;on of Rl and.the N-
channel M0S device resistance Bv (which- varies from about fK:

ohns when fully- ON to about 10° ohms when fully OFF}.

. <3
The oscillatgr central frequency (v, ) can be varied by

adjustment of capacitor Cx. The time paeriod of the pulse

. <
train of the VCO is given by

g=-RC 1n{ ¥_  + 1nVda =Veo) j

tr
2Vqq - V¢
Vag¥e) . o



Inverter

Quiput

vco'fco

0.001 - 0.004 uF
0= Vg Voo .

Figure 2.4 - Digical Voltage. Controlled Oscillator

where R’= R

SETIEN

. C=C and Vg and ¥, are dc supply
voltage to the VCO and transfer voltage level respactively.

The VCO is used to genmerate . a pulse train of fregquency fco
wkich is proportional to the filtered
amplitude,

QrIror voltagé
The generated digital pulse train is used to

drive the gates of the thyristors of the VSI.
train

The pulse
of the VCO car be represented as follows

£
vco B Sign [Sin(wct-ﬁfvf dt) ]
. 0

: .
£, = 1/2W[asat (v, t-Efo at) 3
0

where LA is the

(2.5)

(2.6)

central angular frequency of VCO.

- 12"-
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2.5 'PHRSE-CONTROLLED RECTIFIER & TRIGGERINGﬁcIRCU

.

2.5-1 Ibhree Ehé.i.ssmngu_d E

The basic function of a phase controll d rectifier is to

convert an AC 1nput voltage (60Hz) Yo a dariable DC output

voltage. The three phase-controlled rectifiers are lin2 or

self commutad ac-dc convérters that ‘prodgce a variable de
output voltage-whose magnitude is v§ried Yy phase control,
that is, by controlling the duration og'the conduction
peiiOd by varying the point at which a gate sighal is
applied to the r;ctifying device (thyristor). These
conferters are also known as six pulse converters becaus2 of
six times ripple freguency ‘of ac supply frequency. The

circuit coafiguration and working principle is almost the

same as that of a three-phase full-wave bridge rectifier

except diodes are replaced by the SCR's and the dc output is

adjustable by phase control.

-Phase Control:
"Phase control-is the process of -rapid ON-O?F switching
vhich ccnnects an AC supply to a load for a controlled
fraction of éach cycle; This is a highly efficient neané‘of
controiling the average power to loads. Control 1is
accomplished by governing the phage'angle of.the AC wave at
which the thyristor is triggered (ON). The thyristor vill
then conduct for the remaining period of the ‘cycle and OPF

by phase commutation [13]."

-3 -
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: Figure 2.5 - Three Phase-Coﬁtrolled Rectifier

+

The six,—pﬁlse bridge converter consists of two three-

pulse midpcint converters connected in series,” as shown in
Fig.2.5(a). The currents that flow in the neutral are equal

i, .



. . . o . 4 -
and ofpposite, and as a result the neutral line bacomes

-
-

}redundant. The converter configuration shown in Fig.2.5(b)
is tﬁa result of eliminating the neutral. The load voltage Y3
is the sum voltage of the half-wave outputs of the two
series—-connected threé—pulse converters. For A =0"as ;hown
in Fig.2.6(a), each thyrisfor carries the dc load cﬁrrent
for 120 deg and blocks for 240 deg, and there is no dc
current componeat in the ac line current. There must b2 two
thyristors in conduction at the same time, although the
conduct;on periods of the thyristors in the upper and lower
groups do mot occur simultaneously. The firing order for a
supply phase éequence ABC would te SCR1 and SCR2, SCRZ2 and
SCE3, SCR3 and SCEA, _SCR4 and SCES, SCBS and SCE6 with
commutation occuring alternétivelg in the upper and lower
groups every 60 deg. Por different values ofd, the
waveforms are shown in Fig.2.6(a)-(d). When 0 <el< 90", the
six-pulse gridge converter operates in the rectifying mode.
When a soarce of negative véltage is present at the load for
9 <o« 180‘., it operates in the inverting mode. The phase .
angle of the ac supply Curr;nt lags the supply voltage as

the firing delay angle is increased.

~N
4
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f{e controlled rectifier output voltage, which is

. . hY .
adjusted continously by the change of <£firimng angle (o)

proportional to the filtered error voltage, contains a

steady state d.c. component and an infinite  (but converging)
“series of AC ripple componeﬁt%. ‘In the case of the six pulse
converter ‘the fraquencies of the A.C. ripples an-é' -0f the

-

order of n=_6m\(2=1,2,3...'}. The output waveforan, usingl‘

"
-~

Fourier series analysis, can‘'be expressed {9] as

-0
Vg = ffo + E G Cos(nwst-sn)
B n=6m .
vaere : o4+ 20/3
v, =3Ar Vi pax SiR W .t d(w 1)
o+ W/3
',,( =K3Vf . (2.7
c"={a +b ], 08 =tan-a/b
n n n n n
S Q) 7 - oy
a = Gﬁl‘f Visin o ¥ ¢ d (v, t)
od+T/3
o 23
b, = s/n.f V,c08 0 w_t d(W_t)
L +T/3

By neglecting the higher harmonics (6th,12th....}

vd o 3/“. v coso( (2.8)

”
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The pﬁase controiled rectifier is npeedsd in the sy;;ed
'essentiélly to work at the maximum air gap £lux density over
the speed range of the motor for constant spead-tofgue
characteristics. The.stator #olt;ge must be adjusted to be
proportional to thé fraquency gor é;nstanﬁ volt/hertz r?tié.
-Note that use of a three phase full wave rectifier implace
of the phase contrélled rectifier as mentioned above would
result in a drooping speed-torque characteristic of the
motor. This has been discussed in more detail under

o+

squirrel-cage induction motor.

{

2.5.2 Triggering Circuits:

For the phase control process, the triggering circuits

~

are used to generate the curremt pulses of appropriate
amplituda and widthk for triggering the thyristors
efficiently and accurately: A typical circuit block diagram

is shown in Pig.2.7.

A tapping from the AC supply gives the synchronized
signal which is coﬁyerted to a ramp wavefora by using a saw-
tooth generator. The rqmp’ vaveform, after a dc level
shifting by ‘tﬁe amount of error voltage, is fed to the
Schmitt trigger circuit. Later these pulses are used to
generate the triggering pulses for thyristor fiFing-in a
pulse shaper circuit, For proper sequence of switching of
the thyristofs, a 1ogic circuit is usgd to steer. the pulses

to an appropriate thyristor through a pulse transformer for

-19-_
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TQU_ SAWTOOTH 1414].. . ADDER ¢ SCHMITT

it GENERATOR el . TRIGGER.
A.C. Voltagp : CIRCUIT
Waveform ' - -

- -

STEERING AND
. ' _ . TRIGGERING
- =~ CIRCUIT

Pulse Transformer M

5/ _ TO THE GATES OF THYRISTORS

Figure 2.7 - Block Diagram of Triggering Circuit for
Phase=Countrolled Rectifier

isolaticn of control and power circuits. A sawtooth

waveform enables the output of the pulse shaber to fall to
zZero at thg same instant in every cycle but the pulse rise
is phase shifted ;y the change of dc level (%) of the
sawtooth waveform and hence the time when the pulse shaper
switches ON. This phase shift cerrs nzarly the whole 180
range of the cycle. By any change in the amplitude of
filter volt;é; Ve, the position of the triggering pulses are
shifted which meané phése angle,(J) is changed accordirngly.
As a result, the dc output of the phase controlled rectifier

is adjusted in either direction.

’ - 20 -
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2.6 VOLTAGE SOURCE INVERTER & TRIGGERING CIRCOIT :

2.6.1 Yoltage Source Igverter

N 3

Basically tke circuit configuration of the inverters is °

same as that of the controlled rectifie;‘(as indicated in
Fi§.2.8(a). ). Inverters con;ert d¢ powver ko AC povwer a£
scme desired output voltage and frequency. In this case the
triggering circuit i; quite different and it requires a
forced commutation circuit which is not required inm tﬂe case
of controlled rectifieré due to phase computation of AC
cycle. The fre&uency of the* VSI output vcltages can be
adjusted by the frequency of the triggering pulses. The
output ééltaée vaveforms are non-sinusoidal as shown in

Fig.2.8(b)-(c). -

A standard McMurray three phase VSI is used to invert the
dc output from the controlled rectifier into three phase AC

voltages of variable frequency (proportional to filtared

éfror voltage). Fig. 2.8{a) shows the VSI which employs

auxiliary thyristors for impuise commataticn. Thyristors 1
to 6 are the load carrying tkyristors. They are numbered in
their firing sequence. The corresponding commutating

thyristors are numbered 12 to 6A. -

When the load thyristors are turned ON~OFF in the correct .

sequence, the voltage waveforms at the three oﬁtput
terminals A,B,C are¥as shown in Fig.2.9, where the thyristor

gate pulses are also shown. At any time three thyristors are

- 21 -
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Figure 2.8 - Standard Mc Murray Voltage Source Inverter (VSI)
and its output waveforms (b) Delta' (c)St:ar-connected
Load

-

ON. In one cycle of the output, there should be six

switching operations of the load thyrlstors and six of the
comuutatlon thyristors.. In each phase of the 1nvérter there
are two load carrying thyristo;s connected in series. 0Only
one of them should be OGN at any time. The logic circuit, 2as
discussed in the next section 2.6.2, must ensure  the

following (i) that one of the thyristors in a phase 1is

prevented from conducting when thgaother"is ON. (ii) At the

P

-5 -



1 ' - 0
(4

-

start, ths correci thyristor’nust be triggered 0¥ to ansure
proper sequential switching in order to obtaim a cyclic
output, (iii) In the event of an overlocad all the

thyristors must be turned OFF.

L3
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Figure 2.9 - Waveforms For Voltage Source Inverter

o

-

The VCO pulse train has been used to drive the gates of
the thyristors ¢f the VSI. The frequency of six. stap VsSI
output voltages is 1/6th of the frequency (fco) of the VCO

Fl . ) -
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B
A

pulse train and its. output contains the harmonics .of the

c:idet of , (6nxl) .'fo'r £=1,2.+.s++ The line-neutral voltage -

wvaveform of VSI can be expressed, 'using Fourier Series

. analysis, as follows ., -

. - : .t ~
VAN=_3_Vd[Sin wt + 1/5 Sin Swt ¢ 1/7 Sin Tt + sees ]
a1) .
. (2.9)

Vo =3 vd[51n(vt-2W3)+1/5 Sin(Swt-zwslﬂ/? Sin (Twt-2
, ¢ |
T"/3)+...] (2. 10)

-

Von =3V {s:.n (wt+21r/3)+1/5 sln(5wt+2ﬂ‘/3)+1/7 Sin (Twt+2
=i

MW3y+e..] (2. 11)

P

~where -~

v = 1/6 (v, =KpVe) (2.12)

2.6.2 Trigqqering and logic Circuitss:

As mentiloned gbove, for the proper operaf.io.n of the
inverter a triggering and . logic c_j.rcui_ts are .needed t-o
satis-.fy all the conditions. A block diagram of the
triggering and logic circuit is given ip Fig.2.10. The
digital pulse train from the VCO is fed to the ring counter
which produces six output pulse trains, . all separ;,t't;.d in
phase by 60 from each othér. . ‘ -

4 .

N

- 24 -
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v | CurRRENT
- MONITOR

Figure 2.10 - Block Diagram of Triggering and Logic Circuit
. For VSI !

v

A logic gate network is used to generate six gate pulses
. - to the commutatioﬂ thyristors 1A to €A in desired sequence
and six gate pulsgs to the lqad thyristoré 1 to € with the
seqﬁence“ shovn in Fig.2.9. A detail desigh of such
triggering and logic circuit has been discussed in Appendix
I of [12]. - It should satisfy all the other conditions
stated in the previous sectién. Triggering circuits provide~
the curfent pulses of the required amplitude and width
necessary for the thyristor’%iring and isolates power aand

ccntrol circuits.

2.7 §QﬁIREEL CAGE INDOCTION MOTOE:
inauction motors are relatively cheap and rugged machines
because they can be built wvithout slip-ring or commutators.

Consequenfly puch attention has been given to the stndy of

’
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Inductioh motor comtrol for starting, braXing, speed’

reversal and speed change etc.

In .the inducti&n motor, the rotor winding is ' short
circuited ané receives its supply by ipduoction from the
stator. ‘The stator carries a three phase winding which is
directly connected ;o a th;ee phaée AC supply. This
astablishes a -rotating air<gap magnetic field of comstant

amplitude which rotates at synchronous\speed nl.‘

ny = 120 £/P (2.12a)

vhere P is number of péies and £ is +the stator supply

frequency.

)

P P TR — TR /

Xy
L ' I I; )
_ ¢
E, }[-

Figure 2.11 - Single Phase Equivalent Circuit of
Induction Motor -

R

s

%

ot Ry X4
,

-

The synchromous spéed of the motor can, therefore, be
contrelled by variation of the stater supply fregquency f .

The aopplitude of the air-gap filux is deternmined ﬁy the

-2 -
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~analysed by means of the

stator volts/Hz which is explained(later. When the induction

motor is suppiied at fixed‘voltage and frequeancy, -"the air-

‘gap flux is approximately constant for all acrmal loading
conditions. The phase sequence of the stator supply

L4

determines the direction of rotation of the air-gap field
and hence deterdines the rota‘ti‘on of the motor. The motor
runs at a speed, n, vwhich is ‘usually‘only a few per-cent
less than the synchronous spead, n,. s a resu.l't, the rotor

e.mn.f. is at a frequency £ = sf',-uhere~the fractional slip,

s=f/f=(m - m/n. © (2.12b)

\\T_lf rotor ctrremt,I, , Jlags the e.m.f.{"’by the rotor phase

\lee,é « 2and the . motor torque is pro{portional to the in-

pia\jz rotor curreat I,cos #2. The output torque 1is also

' pro ‘{tional to the air-gap flux§, and Lence

1 _ Te= K § Izcos ;{2 e (2.12¢)

where K is a constant of proportionality.

-

271 "Steadz State Performance:

The ‘'stzady-state performance of the inducticn motor is

ndamental equivalent circuit

shown in Pig,2.11.



& -

‘ . . : :
For normal Sin-wave operation, the skin effect is usually’

neglected amd hence . the resistances are independent of
fregquency, while- 'the vrTeactances are proportional " to
fréguency. The rotating flux wvave in the alr-gap induces a

-

counter e.m.f., Ejim the stator vinding. This e.n.f. “is less

thah tte applied voltage vldue to the vqltage'drép in (Elfjxl
'); the stator leakage impedance. Since the presence of space
harmonic ﬁ.m.f.uave is ignored, the rot&ting flux vave has a
' sinusoidal space distribution, and the flux linking 3ach
stator turn has a sinusoi@ﬁi time variation. If § denotes
the fiux per pole of- the rotating field, the instantaneous
flux linking a full span of stator turen is -

13

$ = § Sin Wt

where w = 2Wf ,the angular frequency of the supply voltags.

The induced e.m.f. per tura is therefore
e,= dd/dt = w @ cos ¥V t
and the r.m.s phase e.m.f. is given by

E = v ] KVHI/JZ_ =8, 44K £ Nli o (2.124)

where Nlis the number of series turns per phase and Kw is

the winding factor.

- 28 =
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Pgr constant torque and effective utilisgtion of t?e
machine;the‘air-gap flux § (proport%dnal to Elff }) of the
induction motor must be sustained at all frequencies. A
constant air-gap flux is obtained when the ratio ;LI/f is

constant, but if the stator leakage impedance is small, then

| E, > vy=Aaf}
_where 2=4.44 K, Ny

or § = /2 (V /f) (2. 12e)

T

Consequently, <the air-gap flux is néarly constant whon the

ratio V. /f bas a fixed value. This is the constant flux mode

of operation which is commonly used ipn oper loop systen. -

Torgue-Speed:
it a slib s, ‘the rotor powar loss in the equivalent circuit
(Fig.2.11§ is Igaz/s vatts per phase, whereas im the actual
m&éhine tﬁe rotor copper loss is Igaz watts-per'pgése. The
additional power loss in the eguivalent ciccuwit is the
electrical equivalent of the mechanical power outéut of the
rotor. If Em denotes the gross mechanical pover- output

including windage and friction losses, then

- .2 _ 42
P mlzrz (82/51 . (I2 Pz)]

m
_ 2
= mllz Rz (i-s) /s -
where my is the number of stator phases.
But P =TGE&
, m e m .
. = 2 - .9 -
. Te (ml/ﬁm) I2 22(1 s)/s . _
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or ™ = (P m /4WE) I2 R,/s (2. 12€)
e 1 2 2
Fig.2.12 shows the tbrque-speed_ characteristics of a

typical cage-rotor ipduction motor operaring on a standard

fixed frequency supply.

Torque

Motor oporation

a =1
2n,

2 . 4 et Sl

Gensrator op3ravon

5,

Figﬁre 2.12 - Torque-Speed Characterstic of Induction Motor at
Constant Voltage and Frequency

Motor Operation:

At sygéhfonous speed the motor develops zero t§rque, and
the Speed? decreases linearly with torque when the slip is
small. fhe'induction motor is almost a comstant speed
" motor. As the rotor slip fregquency increases, the rqtdr
leék;ge raactance bacomes gignificant and . increases the

rotor impedance and also the phase'angle‘ﬁ&. With increasing

&
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b, . L : : o . | ? \
.

slip, “the motor torgque therefore reaches a maxipum and then

diminishes. Thé maximum torque is .called the breakdown

torque, since the =nmotor stalls if the load torque exceeds

this peak value. The rotor frequency at the breakdown poiat

is called the rotor breakdown frequency.
. o

Plugging Operation:

If tha motor rotates backwards against the forward
rotating fieid the slip 1is greatér than unity, and a
countaer-torque is developed which opposes the rotation. Tke
motor operates in this region,K of the characteristic if two
stator leads are suddenly reversed when the pachine 1is
operating norepally as a motof. Thkis .changes the phase
sequence of the stator currents énd hence reverses the
direction of rotation of the air-gap field. 7he machine is
brought rapidly to rest and, 1if supply is not disconnected,
the rotor then speeds up in the ofposite direction. This
method of braking or rapidly reversing the inducticn motor

is known as Plugging.

Generator Operation:

The torque-speed curve may also \be extended into the

generator region, above synchronous speed. In this region,

the slip,is negative and the

) - 31 -
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energy at the shaft into electrical energy whick is returned

to the AC network. The mach;né operates under - these
conditions when the rotor is driven mechanically at super-
synéhrdn&us speeds, Generatiocn opération also occurs 1in a
variable—frééuency system when the -supply $£requency is

L4

rapidly reduced. ' ' .

2.7.2 Adjustable Freguency Operation of Induction Motor:

As .mentioned earlier, the actual speed, n, of the
induction motor is less than the synchronous speed, o ., of
the motor which can be conmtrolled by variation of the supply
frequency, £ . ' .

. n-= n (i=s) = 120£(1-s5) /P S | (2.12q)
Jhe reldti;n (2.129) shows that the induction mctor could be
used as an- aéjustahle speed drive wifh the wvariable-
frequency static ' pover supply.Basically the inverter
releases the AC machine from its inherent limitation of

being used only ,n single speed drive applicatioans.

From the egquivalent circuit Fig.2.11, the rotor current I,

is defined by

I,= I = Ep AN £ | (2.12h)
(22 +x )t e 0 % xR, /0% x4t
and rotor slip s = fz/f {2.121)

'fhe torgque equétion (2.12f) can be written using above

equations as follows

- 32 =



| E I }
o 2 2 2. .
T, = Pm(Vy/E10 [ £,8,/ (Bpe AW 41 ) (2.129)
-n- . ~
By maximiziné the torque eguation (2.12Jj), an expression for

—

the .breaking torgque and breaking rotor frequency = are

<

. obtained as shown below .
T, =+ Pyl vl/f]21/u1r1.2 . (2.12x)
'ﬂ' . .
and f2b= * 1?2/21!'1:2 ‘ ) (2.121)

Fig.2.13 shows thg torque;characteristics of the motor at
several'differeﬁt stator freéueﬁcies; The breakdown torque
is iaintained consfﬁnt by adjuStiﬁg.the stator vclts/Hz, so
that the airégap flux 3is constant. These  motor

+ characteristics are suitable for drivimg a constant~torque
load at variable speed in open loob and coanstant §peed at
variable 1load in closed loop. The supply frgéuency and

voltage are corracted in real time according to the actual

speed. .

At very low frequencies, héuever, the 3inductico motor
torque decreases conside;abiy.' This i1s caused by the
reductibn in airvgap flux at low frequency due to the
increased influence of the stator resistance. The stator
resistance voltage drop at rated current has the same
magnitude at all ffequenqies, aad it tharefore coﬁstitutes a
considerably Qigher fraction of tﬁe supply voltage at low
freéuency than at ratéd_ frequency‘uhen it- may often be

neglected. Pig. 2.14 shovs the break-down and starting

P
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§ Torque .
e — Bregkdown Torqus T,

-
3

Migh frequency

* Speed

----- Breckdown torque T,

Stip
Figure 2.13 - Torque-Speed and Torque-Slip Characterstics at different
supply frequencies and constant air-gap flux

L]

- o~

torque vs stator frequency. There is a serious reduction in

- both of these torques at frequencies, less than 10 Hz. To
improve the Ycw ff;gpenéy perforn;nce characteristics, vthe
terminal voltage should be increaséd coﬁsiderably about its
frequency - proportional wvalua. This can be easily done in
such systems due to.'indepenﬁent adjusiments of output

voltage and freguency;
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. \: ] '
. . Starting torque .
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1/

1] 10 20 30 40 S0 60 0
S+atew frequency in Hr

Figure 2.14 - Break-down and Starting Torque Vs Stator
Frequency Characterstics.

N B )

Cn the‘other hagd to avoid this problem, if the stator
voltage remains coenstant as the frequency;is varied, the
air-gap flux and breakdown torque decrease ﬁith increasing
frequency as shown in Fig.2.15, -Ihese characteristics are
suitable for traction applications where a large torqua is
réqﬁired at standstill and low speed, and a'smafier torque

is sufficient for high-speed running.

The standstill current of a typical squirrel-cage
induction motor is- 5 to 8 times of rated -current, but the
starting torque is small becaﬁse of low roter pover factor
at higk rotor frequencies. In a variable frequency systen,
the supplz freqpency is reduced for star£ing. This improves

-
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4 Torque (lbs-ft or N-m)

- i

= Speed - .
{RPM or rods/a}

Figure 2.15 - ‘{orqge—Spéed Characterstics for vhi:—iqblé frequency .
operation in constant torque and constant horsepower modes

-

‘the rotcr po}er factor and go incregses the torque per
ampere at staftiﬁg. The air-gap £lux can also be'increaéed
ﬁ& adiugting ‘the stator volts/Hz. In this mapnér=sevéra1

times rated torq;§ is-available at standstill as shown in

Fig.2.13 & EﬁﬁSH and the ipduction motor is rapidly run-up

to séeed by increasing the suppi& frequency. With +this
method of starting, thére:is no danger of the lcw;freqnency

crawling which somé times océurs when inductioﬁ motor are

started on a fixed-freguency sﬁpply.
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2.7.3

. AC pachines could be analysed in the steady _state by an_

equivalent circuit. To'studyft;ansient behavior, however, AC

machines must be represented hore accurately by a set of
Phad) .

non-linear differential eguations im the time domain .

. A squirrel-cage.'indqction Rotor can be modeled imn +the

time domain [5] as . S

e o )

-——

F‘vs ,. Rs ’Lssp (PLsr )+I'sr P -.Is | A
- (2.13)
. h'frj _(pI.rs )+l P "ﬂr +L_ P J _Ir_[
wheré‘
Yo = [Vpy VoV ' » "V =[0,0,0]
' r1 0 o r2 0 0 -
Rs=0 rl_o, Rr=0 r20
1 Cos 2T/3 Cos uv/3
Lyg=Ll =L _| Cos-2m/3 o1 ‘ Cos 2TW/3
Cos 2T/3 Cos .4W/3 1
and ' i
Cos 6 Cos (6+2T/3) Cos (6~21/3)
L8r=1;s= Ml Cos(0-2T/3) Cos 6 ) cOs(Bf2n73)
1 Cos(8+2T/3) Cos (8-2T/3) Cos 8
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B i e T

" - The internal ;;;:;Lical tofqué'Te developed by the motor
is - . K .- ' . -

. B . ' ) L s . .
T =. (/2017201 I 153 *° N (2. 14)

8 T r

’
and the mechanical torgue equation of the mctor and load
' is given by

*

T = ‘I’L' + Jp¥ '+ K B (2.. 15)
) -6 =(B/2)w . (2.16) -
-\-.
, .
V/
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~ : Chapter III

DEVELOPMENT OF TIME DOMAIN STATE SPACE MODEL

S

Generally, for efficient compﬁtation, AC driwe systems
are an&lysed-ﬁsing the d-g transforpation which holds onl_y
under ceartain assumptions [8.] { e.;;.. " balanced and
éymmetrica‘l system,absence of any harmonics eté,) . Howléver,

Aok,

when these-assumptiéhs eire-not valid, the d-gq transformation
can not be applied. Therefore, a time domain mod€¢l (vithout
d-q transformation) has been d_ev.eloped for the adjustable &

precise ‘speed-contfeclled AC drive systea.

For complete dynamics of the system (Fig.1.2), ‘the
mathematical representation of each” block,

equations(2.1-2.16), are rewrittefwfor the convenienc2 as . .

"follows -
’ 5 v R +'I.-p .(pL )+L-p'—I— :
. s s ss © - sr sr ¥ '8
- Vr B .(PI‘rs) +LrgP Be +LyrP Ir
| .. 2.l 1] -
7, = (B/2)1/2[I_ % ]“53' 8s s
e 8 .
2 T 4 = Les Tord |r . T
. 'Ie='.T.'L¢-JpHm+me - -
s 0 =(p/2)w
Vee= B Sign [Sin(N.um}]
,. £ =K. v
S sr = _
Ve = 2W Dy (£, /£, = 1) s

~ ’ : - 39 -



. B - ... T : ‘t
. Vg =ER /R, -(1/340 V.dt

. . . t N ¢
V.= B Sign ~[-szn-(wct-<k2_c)fvf at) 3 SRR

. . .
£, = 1/2W [d/at (uct—szovf a€)

Ve = 3w Vg0«

L =Kq¥, ", .
-vAN= %%V&[Sln vt + 1/5 Sin Swt +

1/7 Sin 7wt + ... ]
v..=

BN—°-§—vd[Sin (W£=-2W/3) +1/5 Sin (Swt-2T/3) +
T .

1/7 Sin(7wt=2T/3)+e..]

4
]

o= 3 Vg [Sin (vt+2T/3)+1/5 Sin(Swt+2W/3)+
T ‘ | ' .
1/7 Sin (Twt+2N/3)+...]

<
I

1/6 (wc -Kz Vf}

gl

Now from the above mathematical representation of the
systeﬁ, ebuation (3.1), the _folloging +time dJdomain state

space model is obtained
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.

=-L'1[BI + p(L_TI.) +Ir V.

85T T 88 S
-1
) =1 [p(I'rsIa) * RrI:] * I'rr Ve
= 1P I (L) LI - K v~
J & - ]B J n %‘
= %wm‘ (302)

2wk 1R I'-(L(8) I = K v~
2Trxl T4 I ;i'}
v .=, 1P I 1 -

; . {?_A (L(®}T

J J
vhere . T L
U e-_%_sssr
B AR ] e
v.= [0,0,0] for szn-K.'_R/R ; K= = 1/R,C
4
The feedhack control Vg can be written in the following
ferm | -
¥ | | 1
v, = (vO,vE v (3.3)
wherﬂ | oo 2
(i) V suak0S (K3 % ) [ Sin (wt+2WK/3) +ZZ{*nl}(6n+( 1) )
w] me=]
- wE+2WR/3). 1/ (6n+ (=1) )} ] e e
for . K=0,-1,+1.
‘and w= 1/6 (v, =~ KpVg)

For convenience of representation, the complete system

model can be written in the state Space form as follows:

X =T (X,U,t) o, >0
a = 6 (x,t)
where
x = [15.1;,um.e ,ve,vf]} and u = Vg

2,



¢

L3

The function. F is derived fron thé right hand side of.

.Qﬁzitién {3.2) and 6 froam equatiom (3.3).

The complete dynamics of the system could be presented

mathematically in matrix form as fbllows, using state space

equation (3.2} and feed-back cormtrol (3.3). - The matrix

representation gives an overall view of the system dynanics.

x = [A(x,t) Jx + [B(x,t) Ju (3.4

where N
x=[I w8 V%" ,Iis a six dimensional

colunn vector and is defimed'as I =[ I Ir]'
u=[{¥v1011]) ,vis a six dimensional

column vector and c¢an be defined using equation (3.3):

0 -1 4 .
v=[ Vv vV I]v=[Vv, Vv,V ,0,0,0)

= - . =

Ry / A12 413 Ay 115-.
Ay -K/J 0 0 0
[A) =| By - B/2 0 0 0
Ay —2VE,K/J 0 0 - 0 ’
Ay -—2m(1fca K/3J ‘ 6 Ks 0 |

In the first row of matrix [A], 312' A4, hl4aﬁd Aj5 are six

dimensional column vectors of zero elements. And 311 is a

F]

»~

-uz- £y



six dimensicpal sguare matrix which

follows

where

L

= -1t { R + dLsat 7J.

Ay
FR' .0
0 R
T
LBS LS!.'
4 I'rs I’rr

Here 321'A31'A&1and-351

vhich are given by

- —y

L e FIIT S VRVEOUR

P/4J[I'dL/d86 ]

[o,0,0,06,0,0]

2¥K, P/8J[I'd1/d8 ]
2WK, k, B/4J[I'dL/d8 ]

can be

defined

I TR s e s o

as

-

L

are six dimensional row vectors



N
|
. | : )
and thesrelaining elements of the matrix [A] are scalkgs.

The matrix [B) is given by

’_511 B1a  Biz By B1s
Byy =T /J O 0 .0
._, [B] = le 0 0 0 0
‘B&1 c; 0 -211:1(1'1‘!./.3 0 *
_1351 0‘. 0 .0 27K, x,,IL/J—

-

‘Similarly, E'u.B13 'Blh '815 are six dimensicpnal coluan
vectors of zero elegents'and %l is a six dimensicnal square

matrix which is defined by

s

and 321.831.841.351 are §§x dimeqeigzzl oW vectof% of zero

2lements. 'Here also, the remaining \elements in the matrix

[B] are scalars. ¢
) ./
\
-~
-y
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Chapter IV

DIGITAL SIMULATION & XNUMERICAL RESULTS

4.1 DIGITAL SINSLATION
Digital simulation, an efficient and most economical

technique, is being uiqely used * to étudy and analys2 the

perfermance of complex systems which are rgpresented
- :

mathematically - by a conplicated set cf non-linear
differential equations, To see the starting transients and.

steady state speed-caontrol performance of this system, the
I3

state space model eéﬁatiqns £3.2)-(3.u) have beer simulatagd

in two different ways on University of Ottawva's Digital

computer AMDAHRL 470,/Vv611. Fig.4.1 shows the flow charts used

for these simulations.

Firstly, according to the flew chart as shown in

Fig.4.1(a), the system has been solved by usin§ 2 numerical
integration method (RKGS subroﬁtine). " Fer better
understand%ng. and analysis this system wvas simulated in
three ways.‘ In the first case, only the indvction motor
{(vithout any contrel) kas been sinulated while it -was
excited bf a2 fixed fregquency AC voitage input - and ‘the
results of starting transigg;s (current,speed,torque)
including ne load/full load'step respoﬂéﬁ were flotted using

CALCOMP plotter (Pig.4.2~4.6). In the second’ case, the

-
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Figure 4.1 (b)Flow Chart For Simulation of the System
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SPEED (R.P.

120

_BP.OO

40.00

'l

complete systen (Hlth control but neglecting harmonics) has

been simulated and the computed results were again plotted

on the ' same graphs. Finally, to see the effect of the
p , .

harmonics of the VSI output, the system with Sth, 7th and

11tk harmonics have been investigated (Fig.4.11-4.184).°

SPEED.YS TIME

Without Control

oyt With Modified Control

o fo-00

.00 0.04 0.08 0-12 0.16 0.20 0.24 0.28 0.32 0.36
TIME (SEC)

Figure 4.2 - Transient Speed Build-up during starting
Without Harmonics
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Figure 4.3 - Transient Current during Starting without harmonics
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‘Figure 4.4 = Transient Torque-Time Characterstics during
Starting Without Harmonics
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Figure 4.5 - Transient Torque-Speed Curves during Starting
Without Harmonics
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To see overall performance of +the system at a glance
Speed, Current ‘and Torgque char§cteristics are combined in

Fig.4.10 & 4.15.

In the above method of sipulation, there is an inversion
of the time "dependent matrix in every step of integ:ation.'-
To avoid this most inefficient . computation opefation. a
second method is applied in which the voltage equations
{(3.2) of the induction motor were developed separately~for
the st;tor and rotor circuits. This method reduces the ceu
time significaﬁtly, but introdqus.aﬁyer:o; in theinumgrical
results due to the presence of time-#érivatives‘ of state-
variables on the right hand side of the eguation (3.2). -For
ccmparison, the results obtained by the two methods are

presented in Fig.4.10A. °~ A complete - listing of ° these

programs have been given in Appendix A.

SPEED VS TIME

VA

First Method With
Inversion of Matrix

s ——u-u=Second Method Without
Inversion of Matrix

P W mm‘"\ﬁ-oﬁ'"ﬂ?‘o .m|.u 290,04

-8 -n - 2 . CAT) #12 " CAT) rAT] . en ..

4
TINE (3E0)

Fig.4.10A - Transient Build-up of Speed during
?tarting of The Motor
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Figure 4.11 - Transient Speed Buildup during Starting
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4.2  NOMEBRICAL .RESULTS

-

In order to verify the validity of the model developed

and the digital simulation method esmpleyed, the following

paraheters vere used.

Induction Motor Parameters:

The motor simulated in this study is a d=-pole, star*

ccnnected squirrelcage induction motor with the following

‘parameters:—

Magpetising Inductance (M) =-20.0 mH -

. .

Stator's self inductance (La)=20.3925 mH
Rotor's self inductance referred to stator (La)=20.3925 mH

Stator Resistance (ry) = 0.063 Ohm | : -

Rotor Eesistance referred to stator (r,) = 0.083 Ohm
Moment of Imertia (J) = 0.06 EKg-m . - -
Frictionm Factor (K) = = 0.03 Kg-m'"/sec.

Horse Powver = 30 H.P. . -

Tarminal voltage (r.m.s}=220V

!?reqﬁency = 60 Hz

Speed 1789 rpn

Other System Parameters: .

Phase detector comstant (Dy) = 0.119 volt/rad

Voltage controlled oscillator constant (KZ) = 198.4164
rad/velt

Triggering Ci;cuit constafnt (K3) = 0,019 rad/volt

R,= 50,000 Ohms, E;= 5000 Ohas, C= 0.00005 pP

W= 2261.9467 rad

»
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Figure 4.16 - No-Load.;Full Load Response

PR

The results of this analysis vere ccqpared with the
reported results [1,5]. These resuigs are matching
favourably witE\the ‘test results [1] and also with the

—computed results [5]. ‘

As showr in Fig.4.16, the overall motor speed,‘is‘.
oscillatory due to low imertia of the  System. Froz no-
load/£full load step response, the average speed before §ﬁ&
after is almost éame. .The‘spee& regulation is excelleat of

the:order of & 0.002%.

ki
Fa

Por better startiug, fﬁe intfoauction of an inverter and
time svitch as indicated by block-S im Pig.1.2 substantially
- improves the st;rting performance éf the systes. This
modification chénges the frequency and the voltage of the
vsI outpht‘to be propprtional to the actual motor speed as
shown in ?iq.u;T-b.Q; Prom Pig.4.2~4.5 ompe may observe the

.following facts:
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(1) Fast and smootk starting :The_run up time is reduced )

éron 0.215sec to 0.135sec and oscillations are eliminated

-

(Pig.n‘ 2) L 2

tii) Low starting current : The starting current is rgguced:

from 720 Amp(péak) to 520 Amp(peak) (Fig.4.3)..

(iii) High starting torque : The starting torgue remains

-

almost constant throughout the starting period.-(550 N-mn Av.)

and kigh freguency oscillations are eliminated

.(Fig.u.bﬁS) . N ‘ - g

Purtheﬁ/ the time domain apalysis also provides the
overall affect of harmorics (5th,7£h.11th,13th,.....) of the
¥vsI output on the systea behavior (as shown in

Fig.4.11-8.18). The presence of the harmonics in the motor

. input voltage incrdases the undesired speed oscillations due

to the pulsating torque compenents. However, 'there.is'no
change- in staady state torque of the system since the

pulsating torgue have zero average value.
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S sens
usually d4d-q trahsformation
symmetrical windings/power

P4

. - T ) -
. = . o . _
: . . | . CORCLUSION ° .
T W : - ’
In this thesis, for the amalysis of a precise and.
l a tine douéin
a digital ..

and

adjustabie speed AC- drive system (Fig.1.2),
model has baen de;;loped szlulated on’
The results and infornation obtained by this.

-are

conputer.
nethod, eSpGClallY on'startxng behaviour of the system,

(jc_\—\\superiq; in coapar:spn to the frequency douazn sethod.
modification (incorporation of an inverfer apd a time
sv%tch“blocle) fﬁas been suggested for fast and smooth ren
uP; high.torqﬁgtbagdlov current peags uh}éh'are' high;y .
desirable for siooth &nd safe'4§tarting. This imp:d;es the -~ -
The author"feels that,

startlng perfornance 51gn1fxcant1y.

in the applicatlons requiring hzgh starting torque (such as
the squirrel-cage

-

crusher and grinders etc.),

tractlon.
lnductxpn motor coulg be used 1n place of expensive slip-

LY
.

ring lnductlon no
¢ - .
for the . analysis of AC drive
~cgrtaia

o, hE _
.. ‘@ :
For efficienty computation,
is used u

systéﬁ,
. . - assumptions: (e.g.balanceak and
-, - supplies, absence of any harmonics etc.). However,"' where
these assunptiohs are not vd&&di\ as -3n this systéh due to
T .. . ] ‘ . — - 7
‘ L. _',65_"- .*-‘- . .
: | . .



_fthe preéénce qf.vsi harmonics, d=-g transférnation can not be
apélied. In this analysis to reduce the CPU time, as
‘mentioned earlier, a second metkod “for simulation has been
tried, where the stdtor and rotor voltage equation (3.2) are

. - developed separateli tb avoid the inversion of the ‘matrix
(L}\}n every step of the computation. This methed introducgs

\ an'errof in the numerical rasults due to the presence of the
tine~derivatives of the state-variables on the right hand
side of the systém equatioﬁs bt it is inéignificant for a

_quglitative analysis, such as the one presented hers.

‘The .time domain wmethod used here is " excellent and

provides valuable @nfbriation-on dynamic and steady-state

')

performance ‘whiqh is mnot _possible by frequency donéin
-meihod. It  helps t& study the systen perfcrménca for
different values of -system parameters before implementation
of.the'gesign; 'This nethod.pernitsﬁthe study of the effect
of Qa;;onics ag' wvell as ughalanced/unsyametrical systéms

such as single phase induction =motor.

T Scope of Purther Research: L , .

' ::] (i) The model Séveloped anq simulation method preseantad
here could be easily podified for systems'having current
source - inverter(CSI) - in place of a voltagé 'sgurce
inverter (VSI) and a synchfonéus motor in place” of an’

induction motor. /

. / - v .
. - R . .
a : R < - / .
-‘. " " . .. - )
. .
.
- .

'y

LY



,/,,//// (ii) - The proposed ﬁconfrol. scheme (Fig.1.2) can ‘be

verified on an actual system in a laboratory.

(iii) .This contfol scheme could be furth;r ‘improved by'

designing a time optimal controller vwhich can be introduced

between the filter and the phase-frequency detector blocks

(Fig.i.Z). This type of controLs‘are required in multi-
. - I,“'"

speed drive applications such as sugar mills, paper mills

etc. for step change bf speed.

N\ {iv) For an efficient starting {(i.e. \fastest speed build-
up, wmaximum starting torgqus and lowest current peaks), the
model ‘could be further modified by choosing a proper control

function at the input stages of the ?SIC

Fid

e

4



QOO0

. APPENDIX - A

Program No.l - System without Harmorrics _

. C THIS. PROGRAM IS DOING THE ANALYSIS AND DIGITAL SIMULATION OF INDUCTION MOTOR
C 30 H.P.,220V(LINE),4-POLE,60 HZ,Y-CONNECTED WHICH IS COUPLED WITH THE LOAD

C OF TORQUE T=0.06 WM'+ - 03 WM N-M,WHERE WM-MOTOR SPEED IN RADIAN/SEC

. C : THIS COMMON BLOCK DO INITIALISATION AND READ PARAMETERS OFTHE SYSTEM
C USED IN THE MAIN & SUBROUTINES - ¢
BLOCK DATA

REAL L(6,6),R(6,6),RJ,RK,V(8), INVL(6 ,6),DERL(6,6),1S
INTEGER P,NA A -
COMMON /MIT / L,R,P,RJ,RK,V,INVL,DERL,NA,TIME(703),

XTORQUE (703), VARF (703 ,SPEED (703), IS(703),PDERL(6,6)

DATA L(1,1),L(2,2),L(3,3),L(4,4),L(5.5),L(6,6),L(1,2),

L(1,3),L(2,1,L(2,3),L(3,1),L(3,2),L(4,5),L(4,6),L(5,4),

L(5,6),L(6,4),L(6,5),P,RJ,RK,R/6%20.3925,12%-10.0,4,0.06,

0.03,0.063,6%0.0,0.063,6%0.0,0.063,6%0.0,0.083,6%0.0,0.083,

6*0.0,0.083/ - -

DATA V,PDERL,NA/8%0.0,36%0.0,0/ -

END
C THIS BLOCK USE CRKS SUBROUTINE TO SOLVE THE SYSTEM EQUATIONS '
REAE, L, INVL,IS
IN}fGER P,NA :
DIMENSION Y(10),DERY(10),PRMT(5),A(8,8),B(8,8),AUX(4, 10),
X L(6,6),R(6,6),V(8), INVL(6, 6),DERL(6,6) .

g e <

COMMON /MIT / L, H P,RJ, RK V » INVL ,DERL ,NA ,TIME(703),
XTORQUE(703) VARF(703) SPEEDQTO3) IS(703) PDERL(6 6) :
EXTERNRL FCT, OUTP CRKS3, MAEINV MATPLY CRKST ,FCT1
DO 3 I=1,8 | .
Y(I)=0.0 : '
DERY(I)=1./8. -
3 - CONTINUE
: NDIM=8
PRMT(1)=0.0
PRMT(2)=0.21
PRMT(3)=0.0003
PRMT(4)=0.00001
PRMT(5)=0.0
CALL CRKS1 (PRMT,Y, DERY NDIM,IHLF,FCT1,0UTP, AUK)

'C NOW WRITE THE TIME,STATOR CURRENT TORQUE SPEED VARF

. WRITE(6,100) NA
100 FORMAT ( 2X, IS//)‘

- WRITE (6,5) |
-5 FORMAT ('0',2X FTIME',6T24, 'STATOR CURRENT,,TA4%,*TORQUE’,
X Té2, 'SPEED',T82, 'VARF'//)
. DO 10 I=1,NA
c " WRITE (6,6) TIME(I),IS(I),TORQUE(I),SPEED(I),VARF(I)
6 FORMAT ('0',5(E15.7,5%))

- 10 CONTINUE

THIS PROGRAM PLOTS SPEED VS TIME
SELECT SIZE OF PAPER 30CM X 27.5CM
CALL PLOTS (30.0,27.5)
c
CALL .FACTOR (0.50)
c SET THE ORIGIN

CALL PLOT (7.5,7.5,-3)

_ Cont., . :
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CALL SCALE

(TIME,25.0,701,1)

CALL SCALE (SPEED,20.0,701,1)
SPEED(T702)=0.0 :
SPEED(703)=200.0

CALL SCALE
CALL SCALE

(IS,20.0,701,1)
(TORQUE,20.0,701,1)

TITLE THE X-AXIS AND DO SCALING
CALL AXIS (0.0,0.0,10HTIME (SEC) —10 25.0,0.0,
TIME(TOE) TIME(703))

TITLE THE Y-AXIS AND DO SCALING
CALL AXIS (0.0,0.0,14HSPEED (R.P.M.),14,20.0,90. 0
SPEED(702) SPEED(TQB))

PLOT IS VS TIME IN BLACK INK
CALL NEWPEN (1)
CALL LINE (TIME,SPEED,701,1,0.0)

CALL PLOT
CALL LINE
CALL PLOT
CALL LINE
CALL PLOT
CALL LINE
CALL PLOT

(0.0,15.0,-3)
(TIME,IS,701,1,0.0)
(0.0, 18 0 —3)
(TIME,TORQUE,701,1,0.0)
(0.0,21.0,=3)

(SPEED, TORQUE,701,1,0.0)
(0.0,-54.0,~3)

WRITE TITLE OF THE PLOT
CALL SYMBOL (5.0,20.0,0.35,22HSPEED

. 0.0,22)

DO 4 I=1,10

¥Y(I)=0.0
=1./10.

DERY (I)

CONTINUE -

Y(9)=5.7

NDIM=10

PRMT(1)=0.0
PRMT(2)=0.21 .-
PRMT(3)=0.0003
PRMT(4)=0.00001
PAMT(5)=0.0

CALL LINE
CALL PLOT
CALL LIKNE
CALL PLOT

CALEL .LINE"

CALL PLOT
CALL LINE

STOP -
END .

A

A

(TIME,SPEED,701,1,20,14)
(0.0,15.0,-3)
(TIME,IS,701,1,20,14)
(0.0,18.0,-3)

(TIME,TORQUE,701,1,20,14)
(0.0,21.65

(SPEED,TORQUE,701,1,20,14)

'CALL PLOT (0 0,0.0,999)
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. CALL CRKS (PRMT'Y DERY, NDIM IHLF FCT OQUTP,AUX)
CALL NEWPEN (4)
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RUNGE KWTITA GILL CLASSICAL SUBROUTINE.
SUBROUTINE CRKS(PRMT,Y,DERY,NDIM,IKLF,FCT,OUTP,AUX)
DIMENSION Y(10), DERY(10), PRMT(5) , AUX (S, 10) YY(10) -
. X=PRMT(1).
XEND=PRMT(2)
H=PRMT(3)
IHLF=0 _
IF(X-XEND) 2,2,9
CALL FCT(X,¥,DERY) .
» CALL OUTP(X,Y,DERY,IHLF,NDIM,PRMT)
DO 7 K=1,4
DO 6 I=1,NDIM . py
GO- TO (3,u,u,5),x T .
YY(I)=Y(I)
GO TO 6
YY (I)=¥(I)+AUX(K-1,1)%0.5
GO TO 6
CYY(I)=Y(I)+AUX(K=-1,1) ,
CONTINUE . ‘
CALL FCT(X,YY,DERY) : - . .(:j$ o
DO 7 I=1,NDIM | R .
AUX(K,I)=H*DERY(I) - - ¥ _ -
DO 8 I=1,NDIM -
DY=(AUX(1,I)+2.0%AUX(2,I)+2. O*AUX(B I)+AUX (4, I))/6 0«
Y(I)= Y(I)+DY
X=X+H
GO TO 1 * -
RETURN ‘ o
END
THIS PROGRAM DEVELOP SUBROUTINE FCT- FOR THE EQUATIONS TO BE SOLVED

SUBROUTINE FCT (X,Y,DERY)
REAL L,INVLEIS
INTEGER P,NA
CoMMON /MIT/L,R, P RJ,RK, v InvL, DERL NA,TIME,TORQUE,VARF,SPEED,
X IS,PDERL
. DIMENSION Y(10),DERY(10), H(6 12),SUM(6,6), FUN(6 6),BV(8), “AY(8),
XPDERL(6,6),TI(1, 6) FUNI(1,6), A(8 8) B(8,8), V(8) L(6 6), DERL(B 6)
XR(6,6), TIME (703), 15(703) INVL(6,6), TORQUE (703" VARF(703),
XSPEED(703) LA(6),MA(6), S(6 6) \
PTA=22./T- ,
ALPHA=0.1900%Y(9) K z"‘\\\
IF (DERY(10).GT.377.) ALPHA=0.C
3 VCO=3.*SQRT(2.)*160.*COS(ALPHA)/PIA
V(1)=3.*vco*SIN(Y(10))/PIA
V(2)=3.*VCO*SIN(Y(10)-2.%PIA/3.)/PIA
V(3)=3.*VCO*SIN(Y(10)+2.%PTA/3.)/PIA
THETAZY(B) - 7
L(1,4)=20.*%COS(THETA)
. L(2,5)=sL(1,4)
L{3,6)=L(1,4)
L(4,1)=L{1,4)
L(5,2)=L(1,4)

< L(6,3)=L(1,4)

L(1!5)=20.*COS(THETA+2.*PIA/3.)

o : Cont. . . . .
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L(2,6)=L(1,5) o ‘ ‘
L(4,3)=L(1,5) \

L(5,1)=L(1,5)

L(6,2)=L(1,5)

L(1,6)=20. *COS(THETA 2.%PIK73. )
L(2,4)=L(1,6)
L(3,5)=L(1,6)
L(4,2)=L(1,6)
L(5,3)=L(1,6)
L(6,1)=L(1,6)
PDERL(1 u)--ao *SIN (THETA)
PDERL(2,5)=PDERL(1,4)
PDERL(3,6)=PDERL(1,4)
PDERL (4, 1)=PDERL(1,4)
PDERL(S5,2)=PDERL(1,4)
PDERL(6,3)=PDERL )
PDERL(1,5)==20. SIN(
PDERL(2,6)=PDER (1,5)
PDERL(3,4)=PDERLX1,5)

PDERL(4,3)=PDERL(1,5) : '
PDERL(5,1)=PDERL(1,5) .~ - o
PDERL(6,2)= PDERL(1,5). o
PDERL(1,6)==20. *SIN (THETA-2.*PIA/3.) . 7
PDERL(2,4)=PDERL(1,6)

" PDERL(3,5)=PDERL(1,6)

PDERL (4,2)=PDERL(1,6)

- PDERL:(5.,3)=PDERL(1,6) .
PDERL(6,1)= PDERL(I 6) .
DO 3 I= 1 6 - - ,\\/)
DO 3 J=t1,6 >
DERL(I, J3= PDERL (I,J)*DERY(8) ,
CONTINUE ‘

-K=6

M=12 .

CALL MATINV(INVL,L,K, M H).

DO 1 I=1,6

DO 1 J=1,6 -
SUM(I,J)= R(I J)+DERL(I,J)*.0071
CONTINUE

CALL MATPLY(FUN,INVL,SUM,K,K,K)

. Do .2 I=1,6
Do 2 J=1,6 ' "
A(I,J)=-FUN(I,J)*1000.

CONTINUE .
DO 4 K=1,6 ' -
TI(1,K)=Y(K) K

CONTINUE .

N=1 )

M=6

K=6

CALL MATPLY(FUNI,TI,PDERL,N,M,K)

DO 5 I=1,6

A(7,1)= (1. /RJII®FUNI(1,I)%*.001

CONTINUE

ETA+2.*PIA/3.)

g

: Cont.‘k. . .
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11

P

CONTINUE

N\ po 7 1=1,6
A(8,I)=0.0
CONTINUE
A(7,7)=-RK/RJ
~A(7,8)=0.0
- A(8,7)=P/2.
A(8,8)=0.0

iC DEVELOP THE MATRIX B

DO 8 I=1,6 )
DO 8 J=1,6, V
B(I,Jd)= INVL(I J)*100Q,

CONTINUE

DO 9 J=7,8

DO 9 I=1,8

B(I,J)=0.0

CONTINUE

DO 10 I=7,8

DO 10 J=1,6 .
B(I,J)=0.0 ' . -
CONTINUE

N=8

M=8

K=1 )

CALL MATPLY(BV,B,V,N,M,K)

CALL MATPLY(AY,A,Y,N,M,K)

DG 11 I=1,8

DERY(I)= AY(I)+BV(I)

CONTINUE

DERY(9)=-9. 0133*DERY(7)*5 7/2 5
DERY(10)=2261.9467/6.,.-198. H164*Y(9)/6.
RETURN

END v

qp

‘\.A-q_ Iy

CTHIS SUBRQUTINE OUTP WILL CALCULATRE THE OUTPUTPARAMETERS OF THE SYSTEM
CSUCH AS TORQUE,SPEED,VARF

4

SUBROUTINE OUTPCX Y,DERY, IHLF, NDIM s PRMT)
REAL L, INVL,IS
INTEGER P NA

COMMON /MIT/L R,P,RJ,RK,V,INVL,DERL,NA TIME TORQUE,VARF SPEED

XIS,PDERL

DIMENSION ¥(10), DERY(10) CUR(G) PDERL(6,6).,TI(1,6), PDERLI(6)

XTORQUE(703), SPEED(703) VARF(703) L(6,6), R(6 &), V(S)

XINVL(6,6), DERL(6 6) TIME(703) IS(703)5PRMT(5)
PIA=22./T7.

- DO 1 K=1,6" : . *

CUR(K)=Y(K)

CONTINUE

N=6

K=1-

CALL MATPLY(PDERLI,PDERL CUR yN,NL,K)
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J= .

2 1,6
(1,3):0 URCJI) .

“2 I o S
1 : . -
6 - '

nu-30

==

K=1
. CALL MATPLY(TDERLI, TI PDERLI,N,M,K)
NA=NA+1
TIME(NA)=X . . : )
IS(NA)=Y(1) : - " )
TORQUE(NA)=TDERLI*.001 .
OMGM=Y(T7)
SPEED(NA)=OMGM¥*60./(2. *PIA) '
C OPTICAL ENCODER OUTPUT FOR THE DISC OF 36 HOLES MOUNTED ON THE SHAFT
VARF (NA)=OMGM*36/(2.*PIA)

C WRITE (6, 6) v(1),v(2),v(3), Y(T) Y(9) Y(10),DERY(10)
6 FORMAT ('0',7(E15.7, 2X)) )
> CONTINUE Lo
RETURN
END -

CTHIS SUBROUTINE DO THE INVERSION OF MATRIX A(N,N) BY USING.AUXILIARY
C MATRIX H(N,2*N) AND AUGUMENTING THE MATRIX A WITH THE UNIT MATRIX OF
C SAME DIMENSION (M)
SUBROUTINE MATSYV(INVA,A,N,N2,H)
REAL INVA -
DIMENSION A(6,6),INVA(6,6),H(6,12)
DO 1 I=1,N ’
DO 1 J=1,N . *
1 H(I,J)=A(I,J) "W
N1=N+1 ¥
DO 2 I=1,N
DO 3 J=N1,N2
N3=I+N - /..
IF (N3-J) 4,5,4
H(I,Jd)=1.0
GO TO 3 , . .
H(I,J)=0.0 s ° :
CONTINUE | o ' T
CONTINUE , " — ' :
DO 6 I=1,N _ . T
 D=H{I,I) | . B
DO 7 J=1,N2 : -
7 H(I,J)=H(I,Jd)/D .
) DO 8 L=1,N |
IF (L+EQ.I) GO TO 8
E=H(L,I)
DO 9 J=1,N2 .
H(L.J)=H(L,J)-E*H(I,J) a - -

CONTINUE . - - N . -

‘ ’
W W

9

o Q0D

CONTINUE Co
- D010 I=1,N _ _ - o -
£ Do 10 JeN1,N2° - '
-.10° .INVA(I,J-N)=H(I,J)
RETURN -

END

i
N
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THIS SUBROUTINE MATPLY DO THE MULTIPLICATION OF TWO MATRIX
A(N,M) AND B(M,L)

AUBROUTINE MATPLY(AB,A,B,N,M,L) ‘ <
DIMENSION AB(N,L),A(N,M),B(M,L) '

DO 1 K=1,N i ,

DO 2‘I=1,L j -
SUM=0. -

DO*?'J 1,M ~

SUM= SUM+A(K J)¥*¥B(J,I)
3 CONTINUE
AB(K,I)=SUM
2 CONTINUE
1 CONTINUE
RETURN
END
RUNGE KUTTA GILL CLASSICAL SUBROUTINE
SUBROUTINE CRKS1(PRMT,Y,DERY,NDIM,IHLF,FCT1,0UTP, AUX)
DIMENSION Y(10), DERY(10) PRMT(5) AUX(Q 10}, YY(10)
X=PRMT(1)
XEND=PRMT(2)
H=PRMT(3)
IHLF=0
IF(X-XEND} 2,2,9 _ '
CALL FCT1(X,Y,DERY) -
CALL OUTP(X,Y,DERY,IHLF,NDIM,PRMT) N
DO 7 K=1,4 g ' -
DO-6 I=1,NDIM
GO TO (3,4,4,5),K. . . S
S YY(I)=Y(I)
GO TO 6
YYSI) =Y(I)+AUX(K-1, I)*O 5
GO“TO 6 '
YY(I)=Y(I)+AUX(K-1,I) : ‘
CONTINUE . h
" CALL FCT1(X,YY,DERY) . o
DO 7 I=1,NDIM Co
AUX(K,I)Y=H¥*DERY(I)
DO 8 I 1,NDIM
DY= (AUX(1 I)+2.0%AUX (2, I)+2 0*AUX(3 I)+AUX(4 1))/6.0
Y(I)= Y(I)+DY
o X=X+H oo :
GO TO 1 _ _
RETURN A
END
THIS PROGRAM DEVELOP SUBROUTINE FCT— FOR THE EQUATIONS TO BE SOLVED

SUBROUTINE FCT1 (X,Y, DERY)
REAL L,INVL,IS .
INTEGER P, NA -

COMMON /MIT/L R,P RJ RK,V, INVL DERL NA TIME TORQUE VARF, SPEED
X IS,PDERL

- T »
. Cont. ... . .
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- DIMENSION Y(10), DERY(‘IO) H(6,12),SUM(6,6),FUN(6,6), BV(S) AY(B)
XPDERL (6,6),T1(1,6),FUNI(1,6),A(8,8),B(8,8),V(8);L(6,6),DERL(S,6),
XR(6,6),TIME (7033 ,18(703), INVL (6,6) , TORQUE(703) ,VARF(703),
XSPEED(703),LA(6),MA(6), S(6 6)
PIA=22./T7.
V(1)=180.%COS(377.*X) -
V(2)=180.*COS(377.*X-2.*PIA/3.)
V(3)=180.%COS(377.¥X+2. *PIA/3.)
THETA=Y(8) :
L(1,4)=20.%COS(THETA)
L(2,5)=L(1,4%)
L(3,6)=L(1,4) -
L(3,1)=L(1,8)
L(5,2)=L(1,4) |
L(6,3)=L(1,4)
L(1,5)=20. ¥COS (THETA+2. *PIA/3.)
L(2,6)=L(1,5)
(3,4)=L(1,5)
E(373)=L(1,5)
L(5,1)=L(1,5)
L(6,2)=L(1,5) . )
L(1,6)=20. *COS(THETA 2 *PIA/B ) _ ~
L(2,4)=L(1,6)
L(3,5)<CT1,6)
L(k.2)=L(1.6)
L(5,3)=L(1,6)
L(6,1)=L(1,6)

PDERL(1,4)2-20.*SIN(THETA) r . v
PDERL(2,5)=PDERL(1,4) ' \
PDERL (3,6)=PDERL(1,4) ‘

PDERL(#4,1)=PDERL(1,4)
PDERL(5,2)=PDERL(1,4)
PDERL(6,3)=PDERL(1,4) -
PDERL(1,5)==-20. *SIN(THETA+2.*¥PIA/3.)
PDERL(2,6)=PDERL(1,5) | ?
PDERL(3,4)=PDERL(1,5) B -
PDERL (4,3)=PDERL(1,5) ~ , h\\
PDERL (5, 1)=PDERL(1,5) : s
PDERL(6,2)=PDERL(1,5) -
PDERL(1,6)=+20. *SIN(THETA-2.*PIA/3.)
PDERL (2,4 )=PDERL(1,6) -
PDERL(3,5)=PDERL(1,6) -
PDERL (4,2)=PDERL(1,6)
PDERL(5,3)=PDERL(1,6) )
PDERL(6,1)=PDERL(1,6)
DO 3 I=1,6
DO 3 J=1,6 - .
DERL(I7 3= PDERL (I, J)*DERY(8)
‘ CONTINUE-
K=6
M=12
CALL MATINV(INVL, L K M, H)
DO 1 Iz1,6 , . .‘ - o
=“po 1 J=1,6 ° ) /
suM(I, JILR(I, J)+DERL(I J)* 001 -
CONTINUE _ - , .
oL . . . Conte v v 4 o
" -5 -] . -
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A(7,T)=-RK/RJ

CALL MATPLY (FUN, INVL
DO 2 1I=1,6
DO 2 J=1,6

SUM K,X, K)

ACI,J)=-FUN(I,J)*1000..

CONTINUE

DO 4 K=1,6 _
TI(1,K)=Y(KQ\\:;;/
CONTINUE

N=1

M=6

K=6

CALL MATPLY(FUNI TI,PDERL,N,M,K)

DO 5 I=1,6

~

A(7,I)= (1 0/RJ)*FUNI(1,I1)%.001

CONTINUE%

Do 6 J=7,8

Do 6 I=1,6 . .
A(I,»)=0.0
CONIINUE

DO 7T 1=1,6
A(8,1)=0.0
-CONTINUE

A(7,8)=0.0-
A(8,7)=P/2.
A(8,8)=0.0

DEVELOP THE MATRIX B

10

11 -

DO 8 I=1,6
DO -8 J=1.6

B(i,d)= INVL(I J)*1000. ™

' CONTINUE
DO 9 J=7,8

DO 9 1I=1, 8
B(I,J)=0.0"
CONTINUE
DO 10 I=7,8
DO 10 J=1.6
B(I,J)=0.0
CONTINUE
N=8

M=8

K=1

CALL MATPLY(AY,A, Y N
DO 11 I=1,8

DERY(I)= AY(I)+BV(I)
CONTINUE

RETURN

" END

CALL MATPLY(BV B,V,N,

K

L L]

—— ———
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Program No. 2.- Syétem with Harmonics , -

C«THIS PROGRAM IS DOING THE ANALYSIS AND DIGITAL SIMULATION OF INDUCTION MOTOR
€ "30_H.P.,220V(LINE),4-POLE,60 HZ,Y-CONNECTED WHICH IS COUPLED WITH THE LOAD -

C OF TORQUE T=0.06 WM'+ 0. 03 WM N-M WHERE WM-MOTOR SPEED IN RADIAN/SEC

C "+, THIS COMMON BLOCK DO INITIALISATION AND READ PARAMETERS OFTHE SYSTEM
c - © USED IN THE-MAIN & SUBROUTINES .
¥ BLOCK DATA

"% - .~ REAL L(6,6),R(6,6), RJ RK,V(8),INVL(6,6),DERL(6,6),IS

INTEGER P NA
© COMMON /MIT / L,R,P, RJ RK,V, INVL DERL,NA, TIMEt?OS)
XTORQUE(T705), VARF(TOS) SPEED(TGS) IS(TOS) PDERL(6 6),NR-
- DATA L(1 1),L(2, 2) L(3,3), L(u 4),L(5,5),L(6, 6) L(1 2),

X L(1,3), L(2 1) L(2 3),L(3,1), L(3 2) L(4 5),L(4,6), L(5 5y,
X L(5,6),L(6,4),L(6,5),P, RJ RK R/6%20. 3925 12%-10. 0 u 0.06, -
X 0. 03 0.063.6%0.0, 0. 063 6%0.0,0.063,6%0.0,0.083, 6%0. 0v083, -
X 6%0.0,0. 083/ o - '
DATA v, PDERL, NA, NR/S*O 0,36%0.0,0,0/— -
END g

C THIS BLOCK USE CRKS SUBROUTINE TO SOLVE THE SYSTEM EQUATIONS
REAL .L,INVL,IS

INTEGER P, NA ' B
. DIMENSION Y(10), DERY(TO) PRHT(S) A(8,8), B(S 8), AUX(4 10),
X -L(6,6), R(6 6), V(8) INVL(6, 6) DERL(ﬁ 6)
C
COMMON /MIT / L,R,PE, RJ RK,V, INVL DERL NA TIME(705)
XTORQUE(T705), VARF(705) SPEED(705) IS(TOS) PDERL(6 6) NR ) '
EXTERNAL FCT, OUTP CRKS, MATINV MATPLY
100 DO & I=1,10 .
Y(I)=0.0 ; e N . 2 |
DERY(I)=1./10. e o
4 * CONTINUE : o | . ‘
. ¥(9)=5.7 . o : D 2 o
- NDIM=10 . : ’ N . .
PRMT(1)=0.0 = - v T NWfT\\\- N

PRMT.(2)=0.21 -. : W - - ’ -
PRMT (3)=0.0003 : :
PRMT(4)=0.00001 : L S
PRMT (5)=0.0 : 5 - S o
‘IF (NR.EQ.1) GO TO 101 A
IF (NR.EQ.2) GO TO 102° - . :
. CALL CRKS (PRMT, Y SDERY,NDIM, IHLF FCT OUTP,AUX)
C NOW WRITE THE TIME, STATOR CURRENT, TORQUE SPEED VARF

c " WRITE(6,100) NA L .

C 100 FORMAT ( 2X, 157/ C

c . WRITE (6,5) - - .

c 5°- FORMAT ('0',2X,'TIME',T24,'STATOR CURRENT ', T4, TORQUE !,

c X T62, 'SPEED',T82, 'VARF'//). . -

c DO 10 I=1,NA - . |

c . WRITE (6,6) TIME(IY,IS(I),TORQUE(I), SPEED(I) VARF(I) c e X
c .'6 FORMAT ('0',5(E15.7,5X)Y ) - S

10 CONTINUE s .
- " T “ . ‘ o o -‘ ' o Cont.. - » - [
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c .
c
C
G -
.
e
C
e
c
c
c
c
‘c
C
c X
. . .
C /*
P
-\QC
T c
c
c X
- C
© 101

Y,

-

T

a

THIS PROGRAM PLOTS _spasn VS TIME

CALL . PLOTS (30.0,27.5) = .

CALL.FACTOR.(O.BO)
SET THE ORIGIN
CALL PLOT (7.5,7.5,-3)

L

"CALL 'SCALE (TIME,30.0,701,1)
CALL SCALE (SPEED 20 0, 701 1)
CALL SCALE (Is,20. )

0,701,1)

'~ CALL SCALE (TORQUE 20.0 701 1)
. .TITLE THE X-AXIS AND DO SCALING
‘ CALL AXIS (0.0,0.0,10HTIME (SEC),-10,25. o 0. o

IME(702)

TIME(703))

" TITLE THE Y-AXIS AND DO SCALING
CALL AXIS (0.0,0.0,14HSPEED (R.P.M.),18,20.0,90.0,
SPEED(702) spssn(703))

PLOT IS ¥S TIME IN BLACK INK
CALL NEWPEN (4)
(TIME,SPEED;701,1,0,0)
(0.0,15.0,<3) )
(TIME,IS,701,1,0,0)
(0.0,18.0,=3) - :
(TIME,TORQUE,701,1,0,0)
(0.0,21.0,=3)

CALL
CALL
- CALL.
CALL
CALL
*+ CALL
CALL
CALL

LINE
PLOT
LINE
PLOT
LINE

-PLOT
'LINE

PLOT

(SPEED TORQUE 701,1, 0 0)

(0.0,-54.0,3)

.

WRITE TITLE OF Tb£ PLOT

CALL SYMBOL (5.0,20.0,0.35, 22HSPEED

NA=O

. NR=NR
GO TO

C . USE RED PEN

+1-

160 °
CALL CRKS® (PRMT Y, DERY NDIM, IHLF ,FCT, OUTP AUX)

0.0, 22)

CALL NEWPEN (3) :
LINE- (TIME,SPEED ,701,1, O 0)
PLOT (0.0 15 0, —3)

LINE (TIME 1S, 701 1,0,0)

CALL
CALL
CALL

CALL
CALL

« CALL
CALL"
CALL

NA=0O -

NR=NR+1

GO TO 10

PLOT
LINE

2

0.0 TB.
TIME,TOR

-

603,701,1,0,03

PLOT (0.0, 21 0,-3)

LINE (SPEED TORQUE 701,1,0,0)

PLOT (0 0 -su 0, -3)

S S
0
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102 CALL CRKS (PRMT Y, DERY NDIM, IHLF, FCT ourp AUX)

C . USE GREEN PEN . -
" CALL NEWPEN (1) ‘ '
CALL LINE (TIME,SPEED,701,1,0,0)

CALL PLOT (0.0,15.0,-3) ' : R
CALL. LINE (TIME,IS,701,1,0,0) _ . . )
CALL PLOT (0.0,18.0,-3)
CALL LINE (TIME,TORQUE,701,1,0,0)
CALL PLOT (0.0,21.0,-3)
: CALL LINE (SPEED,TORQUE,701,1,0,0)
C STOP PLOTTING

; CALL PLOT (0.0,0.0,999) ’ |
: <‘“\\STOP : ' : .
| END -

«IC  RUNGE KUTTA GILL CLASSIGAL SUBROUTINE g

E SUBROUTENE CRKS(PRMT,Y,DERY,NDIM,IHLF,FCT,OUTP,AUX) St
, DIMENSION Y(10), DERY(10) PRMT(S) Aux(u 10) YY(10) ~
i X=PRMT(1) . ) ‘

i XEND=PRMT(2) °
r H=PRMT(3)
i

!

i

b

IHLF=0
i1 - IF (X-XEND) 2,2,9
¥ CALL FCT(X,Y,DERY)

DO 7 K=1,4 %? .

DO 6 I=1, 'NDIM

GO TO (3,4,4,5),K -
3 - YY(I)=Y(I) .
GO TO 6
4 YY(I)=Y(I)+AUX(K-1,1)%0.5
: - GO TO &
L5 YY(I)=Y(I)+AUX(K-1,1)
|6 CONTINUE
CALL FCT(X,YY,DERY)

: DO 7 I=1,NDIM
V7 AUX(K,I)=H*DERY(I) -
| DO 8 I=1 ,NDIM -
: PY= (AUX(1 I)+2.0%AUX(2,I)+2.0%AUX(3, IY+AUX(4,1))/6.0 -
'8 Y(I)=Y(I)+DY _
= X=X+H ) ~
: GO T0 1 . )
%9 RETURN : : - .
: END
'C THIS PROGRAM DEVELOP 'SUBROUTINE FCT- FOR THE EQUATIONS TO BE SOLVED
c S
' SUBROUTINE FCT (X,Y,DERY)

REAL L,INVL,IS

INTEGER P,NA : '

COMMON /MIT/L, ,RJ,RK,V, INVL,DERL, NA, TIME, TORQUE, VARF, SPEED,
‘X IS,PDERL,NR

DIMENSTION Y(10),DERY(10), H(é 12),SUM(6,6) ,FUN(6,6),BV(8),AY(8),
XPDERL (6,69 ,TI(1, 6) FUNI(1,6), A(B 8) B(8,8),v(8), L(6 6), DERL(6 6)
XR(6,67, TIME(TOS) 15(705) INVL(G 6) TORQUE(?OS) VARF(?OS)
xsps;D(TOS) LA(6), MA(G) S(6 6)

- 79 - . s Cont. . « « .
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CALL OUTP(X,Y,DERY,IHLF,NDIM,PRMT) ‘ . ' : '
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100

101

102

ALPHA=0.1900%¥(9) L - .
" IF (DERY(10).GT.377.) ALPHA=0.0 . | o

‘PIA =32.77.

VCO=3.%SQRT(2.)*160.%COS(ALPHA)/PIA -
IF (NR.EQ.1) GO TO 100 .

IF (NR.EQ.2) GO.TO.101

V{1)=3. *VCO*SIN(Y(10))/PIA
V(2)=3.%VCO*SIN(Y(10)=-2.%RIA/3. )/PIh
V(3)=3.*VCO*SIN(Y(10)+2. *PIA/B )/PIA

~GO TO 102

V(1)=3.*VCO*(SIN(Y(10))+SIN(5.%Y(10))/5. )/PIA o :
V(2)=3.%VCO*(SINCY(10)~2.*PIA/3.)+SIN(5.*Y(10)-2.*PIA/3.)/5.)/PIA
V(3)=3. *gco*(s:u(r(10)+z +¥PIA/3.)+SIN(5.¥Y(10)+2.*PIA/3.)/5.)/PIA
GO TO 10

V(1)=3. %¥VCO*(SIN(Y(10))+SIN(5.%Y(107)/5.+SIN(T.*£(10))/T.)/PIA
V(2)=3.*VCQ*(SIN(Y(10)-2.*PIA/3.)+SIN(5.%Y(10)-2.*PIA/3.)/5.

“+SIN(7.*Y(10)-2.%*PIA/3.)/7.)/PIA

V(3)=3.#VCO*(SIN(Y(10)+2.*PIA/3.)+SIN(S.*Y(10)+2. *PIA/3.)/5.
+SIN(T7.*Y(10)+2.*PIA/3.)/T7.)/PIA .
- THETA=Y(8) :
L(1,4)=20. *COS(THETR) : ‘ )
L(2,5)=L(1,4)
L(3,6)=L(1,4)
LCH,1)=L(1,4) |
L(5,2)=L(1,4) _ : y

L{1,5)=20.*%COS(THETA+2.*PIA/3.) . . _
L(2,6)=L(1,5).. ' ) '
L(3,4)=L(1,5) . - \;J/f
L(4,3)=L(1,5) - : e
L(5,1)=L(1,5) i . . N

L(6,2)=L(1,5)

L(1,6)=20.%COS (THETA-2. *PIA/B »

L(2,4)=L(1,6)

L(3,5)=L(1,6)

L(”,E):L(1,6)

L(5,3)=L(1,6)

L(6,1)=L(1,6) .

PDERL{(1,4)=-20.*SIN(THETA) i
PDERL(2,5)=PDERL(1,4) . -
PDERL(3,6)=PDERL (1,42 _ ~
PDERL (%, 15=PDERL (1,4

PDERL (5,2)=PDERL(1,4)

PDERL(6,3)=PDERL(1,4)

PDERL (1,5)=-20+ *SIN (THETA+2. ¥PIA/3.).

- PDERL(2,6)=PDERL(1,5)

PDERL (3, 4)=PDERL(1,5)

PDERL (X4 ,3)=PDERL(1,5)

PDERL (5, 1)=PDERL(1,5)

PDERL (6,2)=PDERL(1,5)

PDERL (1, 6)=-20.*SIN(THETA-2.*PTA/3.)
PDERL(2,4)=PDERL(1,6) -

PDERL (3,5)=PDERL(1,6)

PDERL (#,2)=PDERL (1,6)
PDERL(5,3)=PDERL(1,6)
.PDERL(6,1)=PDERL(1,6)

e
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DO3J . '.a"
I PDERL(I,J)*DERY(8)
N :

M=12
CALL MATINV(INVL,L,K,M,H).

DO 1 I=1,6

Do 1 J=1,6
SUM(I,J)=R(I,J)+DERL(I,J)*.:001
égNTINUE

LL MATPLY(FUN, INVL SUM,K,K,K)

DO 2 I=1,6 .

DO 2 J=1,6
A(I,J)==FUN(T,J)*1000.
CONTINUE

Do'4 K=1,6 .

TI(1,K)=Y (K -

contNUE

N=1

M=6 . .

K=6 : ’

CALL MATPLY(FUNI TIPDERL,N,M,K)

DO 5 I=1,6

A(T7,I)= (1 /RJ)*FUNI(1 I)*.001
CONTINUE

Do 6 J=7,8

DO 6 I=1,6

A(I,J)=0.0

. CONTINUE

DO 7 I=1,6 -
A(8,I)=0.0
CONTINUE
A(7,7)=-RK/RJ
A(7,8)=0.0
A(B,T)= P/2.
A(8, 8)-0

C DEVELOP THE MATRIX B

10

Do 8§ 1I=1,6
DO 8 J=1,B
B(I,J)=INVL(I,J)*1000.
CONTINUE

Do 9 J=7,8
DO 9 I=1,8
B(I,J)=0.0
CONTINUE ,
DO 10 I=7,8
DO 10 J=1,6
B(1,J)=0.0
CONTINUE
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N 8
M=8 .
[_E> K=1 . :
CALL MATPLY(BYV, B V,N,M,K)
CALL MATPLY(AY,A,Y,N,M,K) e e e
DO 11 I=1,8 - ' ' o B
. DERY(I)= AY(I)+BV(I) - . ‘
11 CONTINUE
DERY(9)=-0.0133*DERY(7)*5.7/2. 5 ' )
DERY(10)=2261. 9&67/6 -198.4164%Y(9)/6. e
RETURN B
END :
CTHIS SUBROUTINE OUTP WILL CALCULATRE THE OUTPUTPARAMETERS OF THE. SYSTEM
CSUCH AS TORQUE,SPEED,VARF
SUBROUTINE OUTP(X Y,DERY, IHLF, NDIM, PRMT) )
REAL.L,INVL,IS _ : .
INTEGER P NA .
COMMON /MIT/L R,P,RJ,RK,V,INVL,DERL,NA, TIME, TORQUE VARF SPEED,
XIS,PDERL,NR -
DIMENS ION Y(10), DERY(10) CUR(6),PDERL(6,6),TI(1,6), PDERLI(s)
XTORQUE(T05), SPEED(YOS) VARF(TOS) L(6,6), R(6 6), V(S)
XINVL(6,6), DERL(G 6), TIME(TOS) IS(?OS) PRMT(S) )
PIA=22./T. - :
DO 1 K=1,6 '

 CURCK)=Y(K) P
1 CONTINUE
N=6 :

K1
CALL MATPLY (PDERLI,PDERL CUR N,N K)
DO 2 J=1,6
.2 TI(1,J)=CUR(J) — .
N=1 ; .
M=6 o _— Co . ‘
K=1 : -
CALL MATPLY(TDERLI,TI,PDERLI,N, M X) _ ,
NA=NA+1 '
TIME(NA)=X - - X
IS(NA)=Y(1)
TORQUE (NA)=TDERLI¥*.001,
OMGM=Y¥ (7). -
SPEED (NA )=OMGM*60./(2.%PIA) , ,
C OPTICAL ENCODER QUTPUT FOR THE DISC OF 36 HOLES MOUNTED ON THE SHAFT
VARF (NA )=OMGM*¥36/(2.%PI4) :

c WRITE (6,6) V(1),V(2),V(3),Y(7),Y(9),¥(10), DERY (40)
6 FORMAT ('0%,7(E15.7,2X))
5  CONTINUE
RETURN : .
END s
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CTHIS SUBROUTINE DO THE INVERSION OF MATRIX A(N,N) BY USING AUKILIARY

C MATRIX H(N,2*N) AND AUGUMENTING THE MATRIX A WITH THE UNIT MATRIX OF

C SAME DIMENSION (N,N) - .

SUBROUTINE MATINV(INVA A,N,N2,H)
‘REAL INVA o

: DIMENSION A(H, 6) INVA(6 6),H(6,12} ' ,

| DO 1 I=1,N I

"Tv,.”.MADO 1 J= 1 N - ;_HN,IMLmu_munwm”Iimm“”m“.mrjm, U - .;“_)\._.

o1 H(I,J):A(I,J) -

N1=N+1 : T

DO 2 I=1,N ’

DO 3 J=N1,N2

N3=I+N

IF (N3-J) 4,5,%

H(I,J)=1.0

GO TO 3

H(I,J)=0.0

CONTINUE

CONTINUE

DO 6 I=1,N

D=H(I,I)

DO 7 J 1,N2 .

7 H(I,J)= H(I J)/D
DO 8 L=1,N
IF (L. EQ I) GO TO 8°

' E=H(L,I)

- DO 9 J=1,N2 |
H(L,J)=H(L,J)-E*H(I,J)
CONTINUE
CONTINUE
DO 10 I=1,N

© DO 10 J=N1,N2 :

10 "INVA(I,J=-N)=H(I,Jd)

- RETURN
END

oW E W

o 00O

C
c
'C THIS SUBROUTINE MATPLY DO THE MULTIPLICATION OF TWO MATRIX
C A(N,M) AND B(M,L)
c :
SUBROUTINE MATPLY(AB,A,B,N,M L)
DIMENSION AB(N,L),A(N,M},B(M,L)
DO 1°K=1,N ‘ .
DO 2 I=1,L
SUM=0.0 - -
DO 3 J=1,M
SUM=SUM+A (K, J)*B(J, 1) . ' .
3 CONTINUE -
AB(K,I)=SUM :
> CONTINUE _ _
1 CONTINUE -
RETURN
END

. 5
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Prograﬁ\ﬂo.3 - System without harmonics simulated ayoiding matrix

-+ * - inversion in-every step of integratiéh

THIS PROGRAM WILL ,DO DIGITAL SIMULA&ION OF TIME DOMAIN SPACE
MODEL FOR INDUCTI&N MOTOR SPELD CONTROL USING PHASE LOCKED LOOP
TECHNIQUE, IT ALSO PLOTS SPEED, TORQUE, CURRENT, ACCELERATION

CHARACTERSTICS :

HEERFEEREREIRHEERREN ) :

INDUCTION MOTOR USED. - 30HP,220V,60HZ ,4-POLE,STAR CONNECTED
TORQUE EQUATION TE=TL+0.06WM+0.03WM

33 3 33636 W 363 3 3 0 BN RE _

BLOCK DATA TO READ COMMON PARAMETERS IN MAIN PROGRAM & SUBRO
ROUTINES OF THIS.SYSTEM . :

BLOCK DATA

REAL LSR,K1,K2,K3,K4,K5

INTEGER P : :

COMMON/PARA/ SR(3,3),RR(3,3),5SL(3,3),P,LSR,AJ,AK,PIA,
. TL,K1,K2,K3,K4,K5,VM,WC

COMMON/FUN/SSLI(3,3),V(3),SRL(3,3),RSL(3,3),DSRh(3,3),

' SI(3),RI(3),SRI(3),DSRLI(B),SUMS(3),SMULTC3),
SMULE(B),RRI(B);DRSLI(3),SUMR?B),SMULR(S),
CI(G),PQL(6,6),TI(1,6),PDLI(G),TERM,DRSL(3;3},
fDSI(3),DRI(3),SRLDRI(3),RSLDSI(3) :

COMMON/OUT/NA,TIME(IZOB),SPEED(1205),CUR(ﬁ205),
’ TORQUE(1205),ACCEL(1205) - :

DATA SR,RR;SSL,P,LSR,AJ,AK/0.063,3¥0.0,0.063,3*0.0,0.063,

0.083,3*0.0,0.083,3*0.0,0.083,0.0203925,3*-0.01,.
0.0203925,3*-0.01,0.0203925,4,0.02,0.06,0.03/

DATA TL,K1,K2,K3,Ku;xs,vm,wc10.0,0.0021167,198.u16u,
0.19,2.28,9.12,160.0,2261.9467/

DATA NA,PIA/O,3.1H?857/

END

b H
- EREXEEXEEREXRAEHREN

NOW MAIN PROGRAM OF THE SYSTEM USING RKGS FOR SOLVING A
SET OF NON-LINEAR DIFFERENCIAL EQUATIONS:

REAL LSR,K1,K2,K3,K4,K5

INTEGER ‘P . : _

COMMON/PARA/ SR(3,3),RR(3,3),SSL(3,3),P,LSR,AJ,AK,PIA, "
TL,K1,K2,K3,K4,K5,VM,WC

A
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COMMON/FUN/SSLI(3 33, SRL(B 3) RSL(3 3), DSRL{3 3), S
SI(3), RI(3) DSRLI(3) SUMS(B) SMUL1(3),
'SMUL2(3) RRI(B) DRSLD(3) SUMR(3) SMULR(3), .
CI(6), PDL(6 63, TI(1 6), PDLI(6) TERH DRSL(3,3), -
DSI(3) DRI(B) SRLDRI(3) RSLDSI(3) - :

H g
’\u
A)w -
u'<

.

'COMMON/OUT/NA TIME(1205),SPEED(1205),CUR(1205),
TORQUE(1205);ACCEL(1205)

. DIMENSION Y(11),DERY(11),PRMT(5),AUX(N,J1)
EXTERNAL CRKS,FCT,QUTP,MATINV,MATPLY
po 1 I=1,11
Y(I)=0.0
DERY(I)=1./11.
CONTINUE
Y(9)=2.5
Y(10}=5.7
NDIM=11
PRMT(1)=0.0
PRMT(2)=0.36
PRMT(3)=0.0003
PRMT (4)=0.00001
PRMT(5)=0.0

CAQ;‘CRKSr(PRMT,Y,DERY,NDIM,IHLF,FCT,OUTP,AUX)
_WRITE THE STATOR CURRENT,SPEED,TORQUE,TIME

WRITE (6,2) NA

FORMAT(2X,15//)

WRITE (6,3) - :

FORMAT('0',2X, 'TIME®,T24, 'STATOR CURRENT',T44,'TORQUE',

: T62, 'SPEED'//)

DO 4 I=1,NA
WRITE (6,5) TIME(I),CUR(I),TORQUE(I), SPEED(L)
FORMAT('0",4{E15.7, 1ox))

CONTINUE

THIS. PROGRAM PLOTS THE STATOR CURRENT VS TIME /7

/

SELECT SIZE OE PAPERs 30CM X 27.5CM ~

CALL PLOTS (30.0,27.5)
SET THE ORIGIN-
CALL-PLOT (2.5,2.5,-3)

CALL SCALE (TIME,25.0,1201,1)
CALL SCALE (SPEED,20.0,1201,1)

TITLE THE X-AXIS AND DO SCALING :
CALL AXIS (0.0,0.0,10HTIME (SEC),-10, ,25.0,0.0,
TIME(1202) TIME(1203))
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¢ TITLE THE YZAXIS AND DO SCALING " *.® . . .
' .~ CALL AXIS (0.0,0.0,14HSPEED (R.P.M.),14,20.0,90.0,
o SPEED(1202) ,SPEED.(1203)) ‘
C o .
c ' PLOT IS VS TIME IN BLACK INK .
cALL LINE (TIME,SPEED,1201,1,0.0) . -
c ~ . | -
c WRITE TITLE OF THE PLOT . '
CALL SYMBO (5.0,20.0,0.35,22H - SPEED VS TIME,
o 0.0,22) " : - .
'STOP PLOTTING
CALL .PLOT (0.0,0.0,999)

STOP
END

-3

o0

HENEEERXEEEREXREXRERRR

OO0 |

RUNGE KUTTA GILL CLASSICAL SUBJOUTINE
SUBROUTINE CRKS(PRMT,Y,DERY,NDIM,IHLF,FCT,OUTP,AUX)
. DIMENSION Y(11),DERY(11),PRMT(5),AUX(4,11),YY(11)
- X=PRMT (1) . _ »
XEND=PRMT (2) : '
H=PRMT (3)
IHLF=0 pN
1 IF (X-XEND) 2,2,9
2 CALL FCT(X,Y,DERY) . )
CALL OUTP(X,Y,DERY,IHLF,NDIM,PRMT)
DO 7 K=1,4
DO 6 I=1,NDIM
GO TO (3,4,4,5),K
3 YY(I)=Y(I)
GO TO 6
YY(I)=Y(I)+AUX(K-1,1)%0.5
: GO TO 6 . '
5 CYY(I)=Y(I)+AUX(K-1,I) :
6 CONTINUE ) .
CALL FCT(X,YY,DERY)

DO 7 I=1,NDIM -
j;)% . AUX(X,I)=H¥DERY(I) o

DO 8 I=1,NDIM .
| DY=(AUX(1,I)+2.0%AUX(2,I)+2.0%AUX(3,1)+AUX(4,1))/6.0 *
8 Y(I)=Y(I)+DY . :

5=

X=X+H
GO TO 1
9 * RETURN
END
g *}**************************
' _
C THIS FUNCTION SUBROUTINE DEVELOP THE SYSTEM EQUATION IN TIME
C DOMAIN )
i: SUBROUTINE FCT (X,Y,DERY)
C " —
REAL~LSR,K1,K2,K3,K4,K5'
ENIEGER P
COMMON/PARA/ SR(3,3);RR(3,3),SSL(3:3 1P,LSR,AJ,AK,PIA,
X TL,K1,K2,K3,K“,K5,VM,WC _
c .
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' COMMON/FUN/SSLI(B 3), V(3) SRL(3, 3) RSL(3 3) DSRL(§73)

- X SI(3), RI(3) SRI(S) DSRLI(B) SUMS(3T SMUL1(3)
X : 'SMHL2(3) RRI(S) DRSLI(B) SUMR(3) SMULR(3) .
- X e CI(6), PDL(6 6), TI(1 6), PDLI(S) TERM DRSL(3 3)
X Co. DSI(3) DRI(3) SRLDRI(3) RSLDSI(B) »
~C
- COMMON/0UT /N, TIME (1205) ;SPEED(1205) ,CUR(1:205),
X \ C TORQUE(1205) ACCEL(1205)
:C : ;
C . - :
- DIMENSION Y(11),DERY(11),H(3,6)
C DEVELOPMENT OF CONTROL VECTOR V
c . .
c PHASE CONTROLLED RECTIFIER ourpur VCO :
‘ , ALPHA=K3*Y(10)
IF (DERY(11).GT.377) ALPHA 0.0
S VCO=3.*SQRT(2: )*VM*COS(ALPHA) PIA
\C . ‘ hd
C © SIX STEP INVERTER. OUTPUT V(I) ONLY FUNDAMENTAL . L
- V(1)=3.*VCO®SIN(Y(114)/PIA
-~ V(2)=3.%VCO*SIN(Y(1{)-2.%PIA/3.)/PIA
: V(3)=3. *vco*sxu(yc11)+2 *PIA/3.)/PIA \
c : ,
¢ CALCULATE INVERSION OF SELF INDUCTANCE MATRIX SL=RRL IF X= 0.0
G .
IF (X.GT.0.0) GO TO 1
K=3
M=6
CALL MATINV (SSLI,SSL,K,M,H)
q B .
c
T CONTINUE
C EVALUATE TIME DEPENDENT TERMS: =
C DEVELOP MUTUAL INDUCTANCE MATRIX 'SRL
C .
C X e
SRL(1,1)=LSR*COS(Y(8))*
. SRL(1,2)=LSR¥COS(Y(8)+2.*PIA/3.)
‘ . SRL(1,3)=LSR*COS(Y(8)-2. *PIA/B )
SRL(2,1)=SRL(1,3) ) —
SRL(2,2)=SRL(1,1) ' .
SRL(2,3)=SRL(1,2) ,
SRL(3,1)=SRL(1,2) \
. SRL(3,2)=SRL(1,3) *
s SRL(3,3)=SRL(1,1) .
c - DEVELOP MUTUAL “INDUCTANCE TIATRIX RSL (SRL)" .
| DO 2 I=1,3 g
| DO 2 J=1,3
. RSL(I,J):SRL(J,I)
.2 CONTINUE - - .
C . P . R ”
o CALCULATE TIME DERIVATIVE OF SRL & RSL

DSRL(1,1)=-LSR*SIN(Y(8))*DERY(8)
DSRL(1,2)=-LSR*SIN(Y(8)+2.%PIA/3.)*DERY(8) -
DSRL(1,3)=-LSR*SIN(Y(8)-2.*PIA/3.)*DERY(8)
DSRL(2,1)=DSRL(1,3)

DSRL (2,2)=DSRL(1,1)

DSRL(2,3)=DSRL(1,2)

DSRL(3,1)=DSRL(1,2)

DSRL(3,2)=DSKL(1,3) ‘ - .
DSRL(3,3)=DSRL(1,1) Cont
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DO 3 I=1,3 |
"po 3 J=1,3. (;w?
L(I,d) DSRL(J I) O\
. CONTINUE. _

CALCULATE STATOR ‘RRENT & RO?O# MATRIX

DO 4 41=1,3

- : ) SI(I) =Y(I)

B : RI(I)= Y(I+3)

. DRI(I)=DERY(I«+3) ’
CONTINUE i

DEVELOPMENT OF STATOR VOLTAGE EQUATIONS
' MULTIPLICATION OF SR TO SI |

K=3 _ f.-

. M=1

® CALL MATPLY (SRI,SR,SI,K,K,M)
MULTIPLICATION OF DSRL TO RI

CALL MATPLY (DSRLI,DSRL,RI,K,K,M)
MULTIPLICATION OF SRL TO DRI

CALL MATPLY (SRLDRI,SRL,DRI,K,K,M)
SUM OF SRI , DSRLI & SRLDRI

DO 5 I=1,3

SUMS(I) SRI(I)+DSRLI(I)+SRLDRI(I)

CONTINUE
MULTIPLICATION OF SUMS TO SSLI

CALL MATPLY (SMUL1,SSLI,SUMS,K,K,M)
MULTIPLICATION OF V T0 SSLI

CALL MATPLY (SMUL2 SSLI,V,K,K,M)

bo 6 1=1,3 )
.8 DERY(I)--SMUL1(I)+SMUL2(I)

. CONTINUE

\ .
DEVELOPMENT OF ROTOR VOLTAGE EQU%TIONS

. MULTIPLICATION OF RR TO RI
K=3 ° ;
M=1 -
- CALL MATPLY(RRI RR,RI,K,K,M)"
MULTIPLICATION OF DRSL TO SI S
CALL MATPLY(DRSLI,DRSL,SI,K,K H)
MULTIPLICATION OF RSL TO DSI
CALL MATPLY(RSLDSI,RSL,DSI,K,K, M)
SUM OF RRI , DRSLI & HSLDSI
DO 7T I= 1 »3
‘ SUMR(I) RRI(I)+DRSLI(I)+RSLDSI(I)
CONTINUE
MULTIPLICATION OF SUMR TO SSLI
CALL MATPLY(SMULR SSLI JUMR,K,K M)

DO 8 I=1 3 '
DERY(I+3)‘ SMULR(I)
CONTINUE

Cont. . .
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B
DEVELOPMENT OF TORQUE & SPEED EQUATIONS . oo
: DO 9 I=1,3 ‘ . . -
. L CI(I)=Y(I) - C T ..
’ o L. CI(I+3)=Y(I+3) .o . A
9 ~ ' CONTINUE | _ ‘ : .
c . FIND TRANSPOSE OF °CI ' .
DO 10 I=1,6 :
. TI(1,I)=CI(I)
10 . CONTINUE
~C. DEVELOP PARTIAL DERIVATIVE OF INDUCTANCE MATRIX
. , . PDL(1,4)=-LSR*SIN(Y(8)) .
PDL(1,5)=-LSR*SIN(Y(8)+2.ﬁPIA/3.)‘ ¢
PDL(1,6)=-LSR*SIN(Y(8)-2.%PIA/3.)
PDL(2,4)=PDL(1,6)
PDL(2,5)=PDL(1,4)
CPDL(2,6)=PDL(1,5) .
- PDL(3,4)=PDL(1,5) .
PDL(3,5)=PDL(1,6) .
PDL(3,6)=PDL(1,4)

)

PO 11 I=1,3
DO 11 =1, 3
: PDL(I J)=0.0 Y ,
PDL(J+3 I)=PDL(I,J+3) A “
, PDL(I+3,J+3)=0.0 - E
11, CONTINUE
C MULTIPLICATION OF PDL TO CI
‘ K=6
- M=1 '
. CALL MATPLY(PDLI, PDL CI,K,K,M)
ﬂC ' MULTIPLICATION -OF TI TO PDLI -
K=1 : .
M=6
N=1

CALL MATPLY(SPDLI TI,PDLE,K,M,N) (/*-‘
_TERM SPDLI*P/(AJ*H) : _

DERY(?) TERM- AK*Y(T)/AJ-TL/AJ
DERY(B) P¥Y(T)/2.

O (@)
/

DEVELOPMENT OF EQUATIONS FOR ELECTRONIC PART OF THE SYSTEM

O OO0

~~PBHASE DETECTOR ERROR VOLTAGE (VE)
DERY(9h=-2.*PIA*K1¥DERY(T)

FILTER QUTPYT
- DERY(10):K4fDERY(9)+K5fY(9)

[

VCO FREQUENCW & INVERTER FREQUENCY
DERY(11)=(WC-K2%*Y(10))/6.

RETURN ' T a
END

SO a0

CCont.. . o . . . .
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c . - *ii*liiii***!!**ll**!**!******

c THIS OUTP-SUBROUTINE WILL BE.USED TO STORE & PRINT THE DATA
c _
SUBROUTINE OUTP(X,Y,DERY, IHLF NDIM,PRMT) T
-C"' . -
-"REAL LSR,K1, K2 K3, Ku K5 |
INTEGER P
COMMON/PARA/ SR(3, 3) RR(3,3),88L(3,3),P,LSR,AJ,AK, PIA
. TL, K1 K2 K37, K4 KS VM, we
c )
COMMON/FUN/SSLI(3,3),V(3),SRL(3,3), RSL(B 3) DSRL(3,3), .
. SI(3), 31(3) SRI(3) DSRLI(3) SUMS(B) SMUL1(3),
SMUL2(3) RRI(3> DBSLIt3) SUMR(3) SMULR(3)
CI(6), PDL(G 6), TI(1 6, PDLI(G) TERM DRSL(3 3,
DSI(3),DRI(3),SRLDRI(3),RSLDSI(3) \
C , . .
NMON/OUT/NA,TIME(12OS),SPEED(1205),CUR(1\05),
L\ X TORQUE(1205),ACCEL (1205)
c - : ;
: . .
. ~ NSION Y(11), DERY(11) PRMT(S) -
c- L]
.C " STORE THE DATA FOR PLOTTING & PRINTING
: NA=NA=1 )
TIME(NA)=X )
SPEED (NA)=Y(7)*60./(2. *PIA) -
CUR~ (NAY=Y(1) _ )
TORQUE (NA)Y=TERM*AJ .
ACCEL(NA)=DERY(T) ,
c ) N
_ WRITE (6,6) X,Y(7),Y(8),Y(9),¥Y(10),Y(11),DERY(11)
6 . FORMAT ('0',7(E15.7,2X)) =
RETURN
END 3
c -
¢
C EREFUFEEEXEXEEERFEEEREXEEEERE .
c .
C

CTHIS SUBROUTINE DO THE INVERSION OF MATHIX A(N, N) BY USING AUXILIARY
C MATRIX H(N,2%¥N) AND AUGUMENTING THE MATRIX A Wliﬁ
C SAME DIMENSION (N,N) -
. Sﬂ%EOUTINE MATINV(INVA A,N,N2,H)
REAL INVA
DIMENSION A(3 3) INVA(3,3),H(3,6)
DO 1 I=
DO =1, N
1 H(I,Jd)= A(I J)
N1 N+1 o
D02 I=1,N .
DO 3 J=NT,N2 : _ N
N3sI+N
IF (N3-J) 4,5,4

5 H(I,J)=1.0 : ‘ : e

. CONL. v o o o o

THE UNIT MATRIX OF

. et o B i da et
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GT03 o~ -
H(I',J)=O..O ' o - . ‘ . v

N
3 CONTINUE . , A
2

- CONTINUE . . Ll
‘D0 6 I=t,N a ' _ ' .
D=H(I,I).

DO 7 J=1,N2 .- .

T H(I,J)=H(IJJ3)/D

T2 CONTINUE
.1 -+ CONTINUE

DO 8. L=1,N .
IF (L.EQ.I) GO TO 8
E=H(L,I). | | - ,
DO 9 J=1,N2 _ . .
H(L,J)=H(L,J)-E*H(I,J) : :
CONTINUE
CONTINUE v _ . et
. DO 10 I=1,N : . . -
DO 10 J=N1,N2. , :
10 INVA(I,J=N)=H(I,J) .
~ RETURN - - .
END__ - , - —

O CowD

9696 36 3 36 3 3 3 3 3 W 9 I I 3 I 3K 3 MK XN

THIS SUBROUTINE MATPLY DO THE MULTIPLICATION OF TWO MATRIX
ACN,M) AND B(M,L)

SUBROUTINE MATPLY(AB,A,B,N,M,L)
DIMENSION AB(N,L),A(N,M),B(M,L)
. DO 1 K=1,N :
DO 2 I=1,L
SUM=0.0. ) - : . 2
PO 3 J=1,M
SUM=SUM+A(K,J)¥*B(J,I)
3 - CONTINUE ) *
AB(K,I)=SUM

L

RETURN . 4
END _
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