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ABSTRACT

The dissertation describes the design, analysis and
experimental studies-of a 4-guadrant, variable - speed d.c.
drive fed from a single phase dual converter ;the d.c. motor

field is seperately excited.

The various conventional schemes of adjustable speed
d.c. drive are given in introduction. Different types of
converters available are also described in the same cgapter.
Chapter 2 concerns the literature review in which the present
status specifically in the field of dual converter controlled
d.c. drive has been described, The basic dual converter and
its types are diséussed in chapter 3. The necessity of closed-
loop control and description of the system designed in the
present work are given in chapter 4, Chapter 5 deals with
the mathematical model of the drive system and the state model
of the system. The system design has been described in chap-
ter 6. Experimental and theoretical results are compared in
chapter 7. Conclusion and scope for further work are given
in chapter 8, In appendix 'A', the parameter plané synthesis
method and frequency scanning technique have been discussed.
The measurement of d.c. motor constants and transducers
gain have been given in appendix 'B'., The appendix 'C' deals
with the discription of various chips. A listing of all

computer programmes has been given. in appendix 'D',
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NOMENCLATURE

P L T T = S~ - P - < )

The detailed list of the symbols used in the present
work is given below, Lower-~case letters have been used for
instantaneous values of the gquantities, and upper-case letters

are used for constant, direct, average or rms values.

ia Motor armature current

e, liotor armature voltage

e, Motor generated voltage (or back emf.)
W Motor spéed (rad/sec)

Ia Average motor armature current

Ea Average métor armature voltage

Eb - Average motor back emf ,

Average flux per pole

3-0 mains voltage (r.m.s. value)

R, Armature resistance (ohms)

L, Armature inductance (henrys)

Kb 3ack emf constant

J lioment of inertia of motor -and loading generator
3 Viscous friction constant (including that of load

on the motor)

T Torque developed by the motor
TL Load torque

. . g | 2y
Tun Mechanical time constant (JRa/Kb)



.(V)

Electrical time constant of the motor armature circuit
Field current

Field constaﬁt

Speed reference voltége

Current controller output vol?age

Speed controller output voltage

Current controlier gain

Speed controller gain

Current controller time ébnstant

Speed controller time consténtv

Cdrrent errorlvolﬁage

Voltage output of current error integrator
Speed error voltage

Voltage output of speed error integrétor

Control voltage

Thyristor converter gain

Converter delay time
Reference speed

Speed feedback

Current transducer gain
Current feedback voltage

Tachogenerator gain
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G,H,F

< o

ccC

(vi)

Tachogenerator filter time constant
Speed feedback'voltage

Circulating current

ilaximum circulating current

Average circulating current

Firing angle

Complex frequency

Relative stability constant
Damping ratio

Functions of s

State variable

Time in second

Reactor coil inductance

Supply voltage to firing circuit
Supply frequency (rad/sec)

Efficiency

‘Damping frequency



CONTENTS

v emam  comm mme mae vema aR3

Page
i Candidate's Declaration o i
Acknowledgement i
Abstract iii
Nomenclature - iv
CHAPTER -~ 1 TINTRCDUCTION N
CHAPTER -~ 2 LITERATURE REVIEW 8
Author's Contribution . 15
CHAPTER - 3 DUAL CONVERTER o7
3.1 Introduction . 17
3.2 Basic Control Scheme 22
3.3 Operation and Waveforms 23
3.4 Circulating Current 24
3.5 Conciusion 26
CHAPTER - 4 (CLOSED LOOP CONTROL SCHEME 28
4,1 Introduction 28
4,2 Description of Systen 29
4,3 Control Scheme . 29
4,4 Operation of Experimental Speed Control ‘ b
System
4.5 Conclusion 35
CHAPTER - 5 MATHEMATICAL MODEL OF DRIVE SYSTEM 36
5.1 Introduction 36
5.2 Transfer Function of Various Elements 36
5.3 System State Model 41

5.4 Conclusion 45



CHAPTER - 6 SYSTEM DESIGN 46
6.7 Introduction 46

6.2 Design of Power Circuit 4o

6.3 Design of Reactors 49

6.4 Design of Field Circuit Rectifiers 50

6.5 Design of Firing Circuit 50

6.6 Design of Controllers 56

6.7 Conclusion 65

CHAPTER - 7 DRIVE PERFORMANCE 66
7.1 Introduction 56

7.2 Performance as a Single Converter 66

' 7.3 Performance as a Dual Converter 67
7.4 - Conclusion 72

CHAPTER - 8 CONCLUSION 7h
Scope for Further Work 76

REF iR ZNCES 78

APPENDICES 83

A4 - Parameter Plane 4nalysis 85

B - lMeasurement of Motor & Transducer 90

.Constants
C - Description of I.C. Chips g5
‘D - Computer Programmes 96



Chapter - 1

INTRODUCTION

The growth of electric drives has closely paralleled
the growth of automation in industry. 1In early periods,
electric motors were overated directly from supply line under
their own inherent torque - speed characteristics and at
operating conditions determined by the mechanical load. Wow,
in most applications, motors are provided with control equip~-
ment by which their operating conditions are varied with respe-
ct to the mechanical load to suit the oarticular drive require-
ments. Electric drive systems provide a cdnvenient means for
controlling the operation of industrial machinery, In size,
electric drives range all the way from fraction of one h.p.

upto thousands ©Of h.p, Speeds range from stalled positioning

Systems upto 15000 rev/min and higher [2].

D.C. motors are easily controllable and have dominated
the adjustable,speed drive field. A,C. motors are more expen-
sive to control and are used in drive systems when special
features of the a.c. motors, such as absence of commutators and
brushes, must be utilized [1]. A.C. motors stall at loads
above about twice their rated torque and can not start on loads
above 150% of the rated torque. On the other hand, d.c. motors
Can start at higher loads and also can take up over loads upto
300 to 400 #% of rated load for a short period. Regenerative
or dynamic braking is easily obtainable with the d.c. motors

for applications requiring quick stopping or speed reversal [24].



The basic equation of speed of d.c. motor is given by

E_. - IR
_a a_a arate s
W, = n-?ﬁy-v———u The speed of the separately excited d.c.

motor can be controlled by following three methods:

(1) Varying resistance in the armature circuit
(ii) Varying motor excitation current

(iii) Varying the armature voltage.

Using the first method, the spe=d of the motor can be
controlled in the downward directicn from the rated speed at
the expense of powgr‘loss in the armature circuit resistance.
The second method is used for varying the speed above rated
speed. This, in turn, produces severe problems of sparking
at commutator and the consequent limitations on the life of
brushes and commutators. Also, in this method torque decreascs
with increase in speed, therefore h.p. output above the rated

speed remains constant. Smocoth variation of speed over a wide

range can be achieved by using the third method i.e. armature
vdltage control. In this method the flux of the motor is kent

constant and h.p. is directly proportional to speed., -

Ward Leonard speéd control, first introduced about
85 yecars back, is the most familiar method of obtaining
adjustable voltage for speed control of d.c. motor using the
third method. It makes use of the motor - generator set and
provides a smooth speed control over a wide range down to a
very low value, which is limitcd by the residual magnetism
of the generator. At lower specd, the stability of operation

is affected by a demagnetization of the armature reaction. In



this method, the power is automatically regenerated to the a.c.
line through the -G set when speed is reduced., The short time

~overload capacity is also large. The main disadvantages are:

(i) capital cost is high because of extra M-G set,
(ii) overall efficiency is less than 80 %,

(iii) large amount of space is required for the setup,and

(iv) periodic inspection and lubrication are necessary
due to number of rotating machines [26].

_ Electricity is now a days distributed exclusively by

3 - ¢ network at constant voltage and frequency. Therefore, -
controlled electric drive always requires an additional power
supply device in which the 3 = @ supply is converted to d.c.
of va;iable voltage. Conversion is achieved either with rotary
converters or static devices, which include magnetic amplifiers,

and mercury arc and semiconductor converters.

The heart of semiconductor converter is the thyristor,
which was first introduced by General tlectric Company, U.5.A.
in 1957. It works on a similar principle of the gas - filled
tube and thyratron. Once triggered, the thyristor must be res-
tored to the blocking condition by some external means., In
practice, this is done by natural or forced comwsutation. If
we compare the most important types of power supply equipment
for use with controlled drives, semiconductor: conwverters are

found in many respect to have significant and often decisive
g

advantages.



In contrast to the rotary converters the semiconductor
converter has no parts subjected to mechanical wear., Also
efficiency is higher, response is better and cost of foundation

is not considerable.

The semiconductor converter is far superior to the
magnetic amplifier as regards speed of resvonse. Its efficicncy
is usually higher, it weighs 1less and with the appropriate

circuitry permits power reversal.

Mercury-are converters are of equal merit as far as
response is concerned, but require various ancilliary devices
for trigoering and excitation etc. which are not needed with
semiconductor equipment. 5emiconductor converter works over a
wider range of temperature. In addition, they are immediately
ready for use, insensitive to vibration, have a higher overall
efficiency and hence a small coolant requirement, they require

less space and are easily replaced and stored [3].

Therefore,thyristor converters are the mostly used con-
verters and provide variable armature voltage for the drive
motor. The three basic methods: pﬁase control, integral cycle
control and chopper control for obtaining a variable d.c. volta-
ge output from a fixed supply voltage (a.c. or d.c.) are

illustrated in Fig. 1l.1.

In all these methods, SCR connects the supply current
to and disconnects it from the motor terminals. The frequency
of switching is rapid, therefore, the motor responds to the

average voltage ouvtput and not to .the individual voltage pulses,
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In both phase control and integral cycle control schemes,
the conversion from a.c. to d.c. is achicved by rectification.
In phase control, the SCR connects the supply to the motor during
certain period in each half cycle and disconnects the motor from
the supply for the remaindcr of each half cycle. In such con-
verters, thyristor commutation (i.e. transfer of current from
oneSCR to the other) is easily achieved by a process referred
to as natﬁral or line commutation. 'When an incoming thyristor
is turned ON, it immediately reverse biases the outgoing thyris-
tor and turns it OFF. Theréfo;e, no commutation circuit is
‘necessary. These schemes arc, therefore, simple and inexpensive,

and hence widely wused,

In the integral cycle control the SCR Canécts the
supply to the motor for few half cycles and disconnects the
motor for several half cycles. This scheme is satisfactory 1if
the supply frequenéy is high and motor inertia is large, other-
wise the motor will oscillate about its mean speed. This scheme

"has not been found satisfactory for speed control of motors.

If the supply is d.c., then chopper control seheme is
used, in which SCR switches ON or OFF rapidly and provides a
chopped voltage for the dr%ve motor. The average value of the
chopped voltage can‘be controlled by the ratié of the conduction
time tON to the blocking time tOFF of the thyristor. This |
scheme requires auxiliary circuits to turn off the SCRs. Chovpers
ar¢ operated at higher switching frequency to reduce the ripple
content in the motor current. High speed switching requires

spcecial SCRs of lcw turn off time i.e. of inverter grade.



Therefore, chopper control is relatively complcx, but neverthe-

less it is widely used [26, 27].

Now, since the dissertation concerns with phase controllec
converters, therefore, these converters arc discussed in great
detail. Various alternative drive systems for d.c. machine
using thyristor converter to control the apnlied armature
voltage arec illustratod in Fig. 1.2, The field winding of the
machine is separately excited and steady state field current
is fixed. Thus, by continuously contreolling the armature voltage
the speod of the motor is varied smoothiy‘with a constant-torque

characteristic.

In Fig. 1.2(a), a single quadrant converter is used to
provide a unidirectional speed control of the motor. Duz to
incapability of converter to overate in inverting zone, it is
not possible for energy to bz returned from the motor to thé
supply and hence, the drive system does not have the facility

of regenerative braking.

In Fig, 1.2(b), a 2~guadrant (fully controlled) conver-
ter is connected to the armature of the d.c. motog in which the
voltage polarity can reverse but current remains unidirectional
because of the unidirection thyristors. Regeneration of power
is possible with fully controlled converter. In these two
methods, "it is not possible to control the specd in both

directions,

In Fig. 1.2(c), a 2-guadrant converter is connacted

to the armature of a d.c. motor through a reversing switch.
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Thus, by reversing the switch it is possible to control the
speed in both directions, with the facilitv for regenerative
braking. This method is satisfactory if the time delay associa-
ted with the mechanical change over of the reversing switch is
small and acceotable. During this time, the machine coasts

freely and is not under the control of converter.

In Fig. 1.2(d), a 2-quadrant converter is connected to
the armature of d.c. motor and relatively low power 4-quadrant
dual converter is connected to the fielcd winding. Thus, by
suitable control of dual converter the field current can be
made to flow in either direction. Thercefore, a full 4-quadrant
operation is possible and speed of the motor can be controlled
in both forward and reverse directions, with the facility for
regegerative braking. The control circuit and the time response
for current reversal cannot be as fast as.that in the armature

current reversal system because field winding is highly inductive.

In Fig. 1.2(e), a 4-quadrant dual converter is connccted
to the armature of d.c. motor. This system provides a fully
reversing drive with regenerative braking wi thout changing the
armature circuit connections or field curfent nolarity. Thus,
by means of suitable control circuit it is possible to achicve
very repid reversal of spz2ed and torque with little or no time

lag [22, 27].

The author has used single phase dual converter for

spead control of d.c. motor in the present work.



Chapter - 2

LITERATURE REVIEW

A rapid growth of thyristor controlled d.c. drive appli-
cations has resulted from the many ‘benefits derived by these
equipments and replaced the conveniional Nérd Leonard M-G set.
SCR drives are not exact equivélents of M=G sets and require
special considerations regarding their successful utilization,
Jacobs and Walsh [4] discuss some of them. The first oart of
the paper describes the static power conversion equipment, théir
characteristics and benefits as well as the effect on the d.c.
drive mctor. According to them, the bulsating voltage and
current waveforms gencrated by an SCR power supply adversely
affects the hecating and commutation of a d.c. motor. The effect
of SCR power conversion equipment on the power distribution .
system is déscribed in the second part. The undesirable side
effects of SCR drives are also described by Robinson [5].
According to him, these effects are due to high ripple content
in the rectified voltage output of the converters, which causes
increased heat generation in the d.c. drive motor and adversely
affects its ability to commutate armature currents without
vsparking at the brushes, Thesc effects are described and analy-
sed for several basic configurations of converter power circuits.
He has suggested that slectrical design features of low sparking
factor, sufficientlinductance to minimize ripple currents, lami-
nated interpole and frame structures along with large interpole
airgaps, unsaturated interpole and frame magnetic circuit~, high

grade electrographitic brushes and smooth commutators contribute



to good transient characteristic necessary to operate on

rectified power and provide good transient response,

The degree of controllability provided by static con-
verters is mostly determined by the specd and accuracy of infore:
mation available f;om the transducers. This is the subject
matter of research by Arrilage and Hisha [6]. The effect of
providing fast ON/OFF dctection of SCR is also discussed and
a method based on continuous monitoring of gate to cathode vol-
tage 1s sugdested which provide sufficiently reliable fast ON/
OFF information for the purpose of direct digital control of

the converter plant.

Operating diagrams are developed for 1 - # as well as
3 - @ half controlled thyristor converters conhected to a genc-
ral resistive, inductive and emf load in the paper by Paleni~
chamy .and Subbiah [7]. With the help of circuit equations,
the mode of operation of such converters arc identified and
analyzed. Hinimum inductance necessary in the load circuit for

continuous current operations is also cvaluated.

Simard and Raj Gopalan describe a simple eguidistant
pulse firing scheme [8] which is found quite’economical'for
industrial application but its disadvantage is'the minimum
delay of at least a period necessary to provide any firing
angle corrections; this is in contrast to the delay of one -

sixth of a period in all the other schemes.

The theoretical relations between currents, fluxcs

and pulse duration in a d.c. motor eneragized bv oower miilaeca
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arc described by Franklin [9]. From their values the average
torque, speed, and their instantanceous variations are calcula=
ted. The non-linearity of the magnetic circuit is considered
by a suitable approximation of the magnetization curve and the

resulting error evaluated,

Recﬁifier performance with the low inductance counter
emf load of a large d.c. motor is different from that 6% the
performance resulting froﬁ a highly inductive load. Thc effcct
of rectifier discontinuous current on-motor performance is
discussed by K.G. Black [10]. 'If, at low average values the
- current is not continuous but flow in pulses, both the static
and dynamic characteristics of the rectifier motor system arc
affected. He has suggested that addition of a series saturat-—

ing reactor to the armature circuit overcomes these coffects.

Farag and others [11] describe their analytical and
experimental studies on a variable speed d.c. shunt motof driven
by a single phase full wave rectified power suoply using SCHs.
They recommend that as motor current may be continuous or dis-
continuous the use of laminated stator is a must to reduce

- losses due to harmonic effect. Mathematical model expressions
for the torque specd characteristics are derived for these
two modes of oneration. Experimental studies show ~that thé
calculated characteristics coincide very wnll with the measurcd
characteristics over a wide rangs of speed., System stability
has also been discussed by the second method of Liapunov. The
calculated stability limits compare favourably with the uxperi-

mzntal results.
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3rill and Rammamorthy in part I of their paper [12]
describe a reversible drive control for elevator doors, using
a d.c. motor with phase-controlled power supply. The speed
reversal is obtained by changing the.polarity of the field vol-
tage. Due to the large inductance of the field circuit the
the complete reversal reguires 4.cycle of the input line freque-
ncy. This tends to make the dynamic response of the motor a
bit sltuggish. The performance could have been improved by con-
trolling the polariﬁy of the armature voltage for speed rever-
sal. The motor also hunts due to.large gain in the feed back
path and therefore has limited stable operating region. The
problem could have been removed if the speed control is opera-
" ted in open loop and feedback is used to limit the armature ? ~

current in the extreme operating region.

In part II, the same authors [13] have described a
modified control scheme using a d.c. shunt motor with armature
control scheme for reversible operation and feedback control
for current limits. This control provides a soft start during
opening of door and dynamic braking reduces the door speed at
the limit. Adjustable torque limit control the door force

speed reversal is fairly instantaneous.

Krishnan and Ramaswami [14] in their paper describe a
practical speed control system for a d.c. motor using a 1 - @
controlled thyristor amolifier. The non-~linear system is appro=-
*imated by a low-order linear model as a good approximation.

The main feature of their scheme is the inner current loop which

orotects the thyristor from over current and also provides
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fast response against disturbances such as variation in supply
voltage. The speed control scheme discussed in their paper

is useful for one direction of rotation.

The design, construct@oﬁ and operation of a 4-quadrant
speed control scheme for separately exqited d.c. motor fed
from a dual converter has been discussed by the same authors FLSJ.
The have used only one firing circuit and the firing pulses are
directed to the appropriate converter by a master controller
i.e. the dual converter is operating in discontinuous mode.

PI controllers have been used to achieve good dyn-mic and
steady state response. The main disadvantage of this scheme

is the delay time between the switching over the controllers,

Sen and achnald [16] presented a systematic procedure
for analysis, design and testing of a SC. controlled sepafatelv
excited d.c., motor drive .system. The closed loop control
scheme 1is analyzed using transfer function technique and the
necessity of an inner current control loop is demonstrated.
Armature reconnection is used to enable regenerative braking
and speed reversal. Design of both proportional and propor-
tional integral controller is outlined, and experimental results
are given. while designing the controllers -the system dyna-
mic model is considera5ly simnified. This requires heglecting

some smaller time constants.

Eswaramma and others [17] »nresent a closed-loop cont-
rol scheme of d.c. motor using dual converter operating in

circulating current mode. The dual converter incorporates
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cosine firing circuit using integrated‘circutryo The method
of speed control is found to be more economical. The fast

reversal of speéd is feasible because of the dual converter
operating in circulating'current mode. Circulating current
is found more in 1 - @ converter but can be reduced if 3 -

dual converter is used.,

Duff and Ludbork [18] describe a technique for the
design of reversible armature power supplieé which results in
a very high performance system and retains the high conversion
efficiency of a single converter bridge. A unique firing cir=~
cuit and regulator design allows the transfer characteristics
of the two converter bridges to be coincident. Logic circuit
is used to select the operating bridge dependent on system

requirements.

Revanker and Subnis [19] analyse the dual converter
system feeding separately excited d.c. motor load for both
steady stafe anc transient performance characteristics. 3Soth
the circulating current mode and circulating current free
mode of operation are considered. Further, normalized circuit
equations are derived and solved on digital comouter for typi-
cal values of circuit'parametgrs, They have concluded that
circulating current free mode of operation is superior'from
the point of view of better power factor, efficiency and cost
but the main drawback is the discontinuous conduction and

consequent drop in the speed regulation characteristics,
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Also, a dead zone 1is inevitable during the reversal of motor.
Good speed regulation characteristics are possible with circu-
lating current mode of operation and also fast reversal of

load current is possible because of natural freedom for the

load current to flow in either divrection. However, if large
circulating current is allowed, the p.f. and efficiency are
poor. The improvement in transient response of the dual con-
verter system in circulating current mode of operation is possi-
ble by using magnetically coupled reactors only if the armature

inductance is very small.

In 1981, #Mittal and Chatterjee [20] have described
a simple method for the calculation of circulating current
in a dual converter operating on no load. They have also
shown that the injection of d.c. offset voltégeAin the gate
circuit of dual converter reduces circulating current very
much between vositive and negative converters. The study of
computed results shows that with this method it is possible
to reduce the size of ciréulating current reactor by 66y

fo o v of circulatin urrent between the converters.
for same level of rculat c t bet th erter

Another meghod of controlling the circulating current
between two reverse barallel connected converters (i.e. dual
converter) is described by Srivastava and Davies [21].
According to them,completely suppressing the gate firing
pulses of one converter to reduce circulating current often
12ads to failure of commutation on inversion due to inevitable

difference in the instants of recapnearance of these pulscs



on all bridge arms. The circulating current flows for the
duration when successive phases are short - circuited during
recurrent cycle of operation. This duration is reduced by
biasing both the bridges in inverter region by an angle B.

The duration of short circuit is eliminated for B = 60°. 1In

. this arrangement, the regenerative braking is not possible
until the back emf of motor is more than motor terminal vol-

tage and therefore greater firing pulse movement is necessary.

Author's Contribution

The author has developed a thyristorized single-phase
dual converter operating in circulating current mode for closed
loop speed cont;ol of a separately-excited\d.c. motor fdr
4-quadrant motor operation. The dual converter inqorporétes
cosine firing technique using integrated circuitry., A speed
loop with PI controller maintains the desired speed irres-
pective of the load wvariation on the motor. An inner current
control loop, again incorporating a ?PI controller, protects
the thyristors from ovei currents. This loop also provides
fast response overcoming the effects of disturbances such as
variation in supply voltage. This system has the advantage of
simple circuit controllability and smooth variations of spead
control over a wide rangé by merely varying a single parameter
in both the directions. The circulating current mode of
operation gives fast responée of spezd. The method effectively

replaces the Ward - Leonard system. The parameters of the
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PI controllers are designed on the basis of system stability
and response of the drive system., D-decomposition technigue
is used for finding the region of parameters for stable drive
system and this is checked using Mikhilov ériterion. Runga
Kutta fourth order method is used for solving simultaneous
differential equations to see the response of the drive. The
dual converter is tested at resistive, inductive and motor

loads,
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Chapter -~ 3

DUAL  CONVERTER

The principle and operation of single phase dual con-
verter is described in this chapter. The circulating current
and non-circulating mode of operation of dual converter with
their advantages and disadvantages are considered in detail.
The basic principle of obtaining cosine firing scheme is deve-
loped. The waveforms of various voltages and currents are
discussed. Finally, the expressions for circulating current

are developed.

3.1 Introduction

A dual converter consists of two similar fully-contro-
lled phase converters Whicﬁ are connected in antiparallel as
shown in Fig. 3.1. With this arrangement current can flow in
either direction at the d.c. terminals, positive load current
being carried by positive converter and negative load current

by negative converter.

The converters are assumed ideal and they produce
pure d.c, output voltage i.e. there is no ripsle at the d.c.
output terminals. The magnitude of the d.c. voltage varies as
the cosine of the firing angles of thelconverters. 'The average
voltage output at d.é. terminals of the 1 - ¢ converter is

given by:
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E = 22 v cos
a T
= Emax Cos « c..(3.1)
where,
V = r.m.s. value of supply voltage
o« = firing angle of the converter,

The converters can be replaced as shown in Fig. 3.2
by a d.c. voltage source in series with diodes that represent

unidirectional current flow characteristic of the converters.

The firing angle of both the converters are regulated
by a control voltage VC so that theird.c. voltage outputs are

equal and of the same polarity. Therefore,

Eap = Emax Cos Xy

an Emax Cos o, ' ... (3.2)

WheTe an and Ean are the average d.c. voltage outputs
I

of positive and negative converters respectively, and «, and

1
a, are their firing angles.
In an ideal dual converter,
E = = E = E ... (3.3)

- m .
= Cos « = - E Cos «
“max ~9° ™M max ~“°5 %o

or Cos al + Cos a, = 0

@)+ Gy = 180° ... (3.4)
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Therefore, if the firing angle of one converter is
less than 90° then, the firing angle of other converter will
be more than 90°. Thus, both converters produce the same ter-
minal voltage, one operating as rectifier (firing angle less
than 900)‘ and other operating as inverter (firing angle more
than 900), Fig. 3.3 shows the terminal voltage as a function
of firing angle for the two converters. The firing angle con=-

trol circuit can be designed such that as the control voltage

1

_ o)
al + a2 = 180",

VC changes, o, and ay change in such a way as to maintain

In practice, with the firing angles of the converters
controlled in this manner, only the mean d.c. terminal voltages
of the two converters equal to one another, there are, however,
inevitable instantaneous inequalities between the ripple vol-
tages appearing at the d.c. terminals of the two converters.,
These ripple voltages are almost out of phase., If solid connc-
ction is made between the two converters, there would result
theoretically an infinite circulating current that will not
flow through the load. Therefore, circulating current bet-

ween the converters must bhe controlled.

The first method for the above aim is to inhibit
completely the flow of current through appropriate automatic
control of the fiping oulses, so that only that converter
which carries the lbad current is in conduction and the other
temporarily 'idle' converter is blocked. This is the so

called circulating current free mode of operation. In
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circuilating current free mode of operation, the various con-

trol strategies wused are as mentioned below:

(a) Control signal poiarity selects the converter.
(b) Load current selects thc converter.

(c) Both control voltage and load current select
the converter,

In the second method, the circulating current is
limited to an acceptable level by means of the two reactors.
This is the so called circulating current mode of owveration
and is shown in Fig. 3.4. The circulating current keeps both
the converters in continuous conduction over entire control
range in the loaded condition. However, in the no-load céndiw
tion, the current is discontinuous except at O = oy = 90°.
Table 3.1 gives merits and demerits of the circulating current
and circulating current fre¢ mode of opération of a dual

converter,

Table 3.1 Advantages and Disadvantages of Dual

Converter with and without Circulating

Current
S.No. Consideration With Circulating Without “irculating
e SVTTENY . Gurrent L
1. Current Mode Converters operate Converters operate

in continuous curre- in discontinuous
nt mode. current mode.



Table 3.1 (Contd.).

. Consideration With Circulating

S.No.
- e o lNrrent oo
2. Transfer charac- Linear transfer
teristic characteristics
‘are obtained with
constant gain.
3. Regulator Resoonse is fast.
response
4, Cross over It is simple.
technique

5. Fault suscep-

tibility
6. Converter

loading
7. Cost

(a)Since one conver

. Current
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e e

Without Circulating

Non—~linear transfer
characteristics due

to discontinuous
current with redu-

ced gain..
Response is slugg-
ish -’

It is complex.

(a)Inversion takes

ter is always inver- place only during

ting,
er probability of

..nverter faults.

ween converters
caused by spuri-
ous firing are res-
tricted by presence

of reactors.

The converter load-
ing is higher than
the output load -

Reactors are needed
to limit circulat-

ing currcent. These

reactors are costly

there is high- regenerative brak-

ing and hence faulzl
susceptibility is

less.

(b)Fault current bet-(b)Faults between

converters caused

by spurious firing

-results in dead

short circuit con-

dition.

The converter load-
ing is same as the
output load.

Reactors may be
needed to make
load current con-
tinuous and to
reduce ripple

current.,



Table 3.1 (Contd.)

S.No, Consideration With Circulating Without Circulating
Lurrent ; Current

rmSeL R w4t E L e BT SN e e T AE—— R S s =

e

8. Efficiency Circulating current Efficiency is
increases losses and higher.
hence, decreases '

efficiency.

e T . ——— AL * ERe T e M o . SR, - U [

Single-phase dual converter is used upto 20 h.p. and
above 20 h.p. three-phase dual converter is used. The author
has developed single—phase dual converter for speed control
of a d.c. motor of 2 h.p. rating. The control circuitry 1is

easy to fabricate in this case.

3.2 Basic Control Schemes

The basic principle of the firing control scheme is
shown in Fig. 3.5. For single~phase dual converter the refe-
renccs for the triggering pulses of the SCRs are the zero
voltage point of the a.c. line voltage. For SCR TH1 and
TH4 (Fig. 3.4) the reference for triggering pulses is the
instant ty- If the 1 - ¢ dual converter is supplied with
Yoy (line to line voltage of a 3-phase supply), and Vay is
used as synchronizing signal for firing circuit, this results
in-cosine firing scheme. The veak of VBN coincides with the
instant tl‘ A control voltage VC can be used to produce
triggering pulses for TH1 at the crossing point with VBN“

Similarly, rcverse voltage of VBN i.e. V can be used to
N

NB
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generate triggering pulses for TH7 -and TH6, If VC is varied,
the relationship a, + Ay = 180° will be maintained. In case
3-phase supply is not available, single phase supply is direc-
tly given to the converter and the same voltage is advanced by
90° using a phase-shift circuit for firing circuit to get

cosine firing shceme.

Let :
VBN = K COS@
Vg = -KCose ' ... (3.5)
Then
VC = K Cosal
and also,
vV, = K Cosoc2 ..(3.6)
K Coscxl = =K Coso:2
Cosozl + Cosa2 =0
or o
al + a2 = 180
=) _ o ;@ﬂﬁ \ \
E.p = Emax Cosocl = ( % ) c ... (3.7)
= — B Ches = (02X v
E., = Lmax Cosa, = ( 7 ) c ...(3.8)
E i - E - ax
Ea = Sap T TRap < ( ) Ve (3.9)

Thus the d.c. terminal voltage is directly proportional

to the control voltage VC as shown in Fig. 3.6.

3.3 Operation and Waveforms

The operation of dual converter with circulating curr-nt
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is described below. The following assumptions are made:

(i) The reactors are lossless.

(ii) The firing angle of the two converters are contro-
lled so that their sum is 180° (i.e. al+a2=l800)a

The waveforms for @ = 60° and Gy = 120° are shown
in Fig. 3.7. Because of the circulating current both the
converters are in a state of continuous conduction under loaded
condition. Hence, the waveforms are well defined. The ins-
tantaneous d.c. terminal yoltage is the averagé of the instan-
taneous convertcr voltage. The instantaneous voltage across
the reactors is the difference between the instantancous

converter voltages.

3.4 Circulating Current

The circulating current is obtained from the time

integral of the voltage across the reactors.,

Voltage applied to the converters = V2 V Sinw t

Instantaneous voltage across the reactors = 2y2 V Sinmst
There are two operating conditions:'

Case 1. When %y is less than 900, the voltage across the
reactors varies from o to T+ o

Casc 2. when o, is more than 9009 the voltage across the

1
reactors varies from al to n+a2c

L

Lét the inductance of cach reactor be L and the

circulating current be ic‘
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or

In case 1,

i
c

In case 2,

i
c

Maximum value of circulating current occurs at wst

with «
1

I

04

di

dt

2

cmax

The average  .value

di,
c
dt

H

2y2 V Sinw t

Sinwst dt
2/ws

V
| (Cosoc2 - Coswst)

ft Sinw t dt
al/ws
(Cosa; - Cosw_t)

90° and is given by

case l,when o g 90°, can be calculated as foliows:

Average value of i

Al

.?’;lrzam\i [ - O CO g 4
w_L

!

TH-al.

2

—

r

mST

c = ¢

N

L

+ Sinal]

1 1

Similarly, when @, > 90°

zf
nCC

T+,
1 1cd(w8t)
2

(Cosa2 - Cosmst) d(wst)

25

T

of the circulating current for the
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. , s 1 o,
Average value of i =1I_.=+% £ Qic 3w, t)
vy

1l r+Q "
= % £ 2 Y2 ¥ (Cosocl - Coswst) d(wst)

202 Vv [
wSL

i

~ %y Cost, + Sinaz]

The circulating current thus depends upon firing arigles
and is limited by the¢ value of reactors. The variation of
average value of circulating current with thc firing angle %

is shown in Fig. 3.8.

Without the load current the converter current is thoe
same as the circulating current. and is duc to the ripple

voltages. The overall conduction of current is discontinuous.

With the load currcent in positive direction, the load
current flows through positive converter for some portion in
each half cycle and for the remaining portion in each half
cycle circulating current flows. Thus, positive converter
is in continuous conduction state. The negative converter
carries only the circulating current and therefore, in

discontinuous conduction state,

3.5 Conclusion

The principle of dual converter is described., The
firing angle of both the converters arc varied in such A

manner so that their sum is always 180°. une converter
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operates in rectification mode and other operates in inver-
sion mode. ‘The advantages and disadvantages are discussed,
In circulating current mode of operation, the circulating
current is limited to an acceptable value using reactors.
The cosine firing scheme is such that the d.c. terminal vol-
tage 1is directlv proportional to the control voltage. Cir-
culating current keeps both the converters in continuous
conduction under loaded condition. The circulating current

. . .. o)
is maximum at firing angles equal to 90~.
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Chapter - 4

CLOSLD~-LOOP CONTROL SCHEIE

In this chapter, the closed-loow chtr§l scheme for
speed control of a separately excited d.c. motor is descri-
bed. gpeed controller and current controller are discussed
in great detail. The basic components of cosine firing
circuit and the waveforme at each point arc described., The
dv/dt protection of thyristor is CQnsideréd. The operation

of experimental setup is also described.
4,1 Introduction

Thevopen loop operation of a d.c. motor may .not be
satisfactory in4many applications.  If the firing angle 1is
"kept cdnstant and the torgue applied to the motor is increa-

sed, the speed changes. If the drive requires constant
specd operation, the firing angle of the converter must be
changed to maintain a constant speed. This can be achie-
ved in a closed-loon contrcl system. The basic block dia-

gram of such a system is shown in Fig. 4.1.

If the motor speed decreases due to application of
the additional load torqﬁe, the spéed error €_, increases
which increases the control voltage signal VC. This,
inturn, changes the firing angle of the converter and in-
creases the motor armature voltage Eap and hence, Testore

the speed of the system. The system passes through a
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transient périod until the developed torgue matches the appl-
ied torque. A closed-loop control has thé advantages of
greater speed accuracy, improved dynamic response and reduce
effects of disturbances such- as loading, supoly voltage varia-
tion etc. When the drive requires rapid acceleration and

13 d .
deceleration, <closed - loop control is a must.

4.2 Description of System

The basic Scheme_is shown schematically in Fig. 4.2.
. A separately .. exicited d.c, motor driving a separately-
excited d.c. generator is the plant, the speed of which is

to be controlled. The armature of the d.c. motor is fed frow
3 single - phase fully controlled dual converter. Four inte-
érated firing circuits are fabricated for firing the thyris-

tors and the firing angle is controlled by V the output of

cl’
the current controller., The armature current is sensed by
means of a low resistance in the armature circuit. The speed

is sensed by means of a tacho - generator mounted on the

motor shaft.
4,3 Control Scheme

’The control scheme qonsists of

4,3.1 Speed and current controllers
4.3,2 Cosine firing circuit
4.3.3 Dual converter

4.,3,4 Field circuit rectifier
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4.3.1 Speed and Current Controllers

(a)

(b)

(c)

Reference Speed Setting
It is provided through a centre-tapped poten-

tiometer and can vary from positive reference spead

to negative reference rpeed.

Sneed Controller

The speed loop 1s required to provide zero
steady~-state error and fast response. Therefore,
a proportional plus integral controller (PI) is
used for speed control. The reference speed set
by the potentiometer (VR) and thé tachogenerator
output voltage (Vw) are compared, and error
(Vé - Vw) is amplified in the PI controller.
The'speed—controller output VC2 avtomatically
sets the current reference such that the desired
spead is maintained independent of the load on
the motor. The‘saturation feature 1in the speed
controller is used for providing the current limi-

ting in both the directions.

Current Controller

A PI controller is again used as current
controller to regulate the current. While start-
ing the motor, or reversing its direction of rota-
tion, the converter putput is maximum as the control
input to the firing circuit is at its maximum

value, This causes a very heavy current to. flow



after the drop in speed is integrated out by the speed (PI)
controller to give a new firing angle «. Hence, for the correc-
tive action to take place, a change in spe:d has to accompany

a change in the supply voltage and the response is pogf on
account of the large mechanical time constant involved. fith

a current loop present, a fall in armature current itself
results in a new firing angle & and fali in supply voltage is
counter - actaed by correcting the armature current at a fast
rate. . This results in a fast response with zero steady -

state error,

4,3.2 Cosine Firing Circuit

The block diagram of cosine firing circuit and the
output waveforms at c¢ach stage of the circuit are shown in

Fig. 4.3.

The circuit uses the principle .of cosine wave crossing
control which detormines the firing point of each SCH from the
crossing point of synchronizing signal with the analog refere-
nce signhal or control voltage Vcl’ The firing angle is made
to respond to this control voltage VCl such that the cosine
of firing angle o is proportional to control vbltagé vcl i.e.

c -y
saxec V.,
“ O cl

The.circuit consists of a comparator, differentiator}
monostable (pulse stretcher), oscillator and output stages.
The control signal and the cosine time wave (synchronizing
signal) are compared in a comparator. The output of compara-

tor is differentiated. A pulse stretching circuit which is
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4,3.1 Speed and Current Controllers

(a) Reference Speed Setting
It is provided through a centreftapped poten-
tiometer and can vary from positive reference spead

to negative reference rpeed.

(b) ~Speed Controller

| The speed loop is required to provide zero
steady-~state error and fast response. Therefore,
a proportional plus integral controller (PI) is
used for speed control. The reference specd set
by the potentiometer (VR) and the tachogenerator
output voltage (Vw) are compared, and error
(Vé - V) is amplified in the PI controller.
The‘speed—controller output VC2 avtomatically
sets the current reference such that the desired
speed is maintained independent of the load on
the motor. Thelsaturation feature 1in the speed
controller is used for providing the current limi-

ting in both the directions.

(c) Current Controller
A PI controller is again used as current
controller to regulate the current. While start-
ing the motor, or reversing its direction of rota-
tion, the converter putput is maximum as the control
input to the firing circuit is at its maximum

value, This causes a very heavy current to flow
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in the armature which might damage the motor as
well as the SCR converter. Also overload will
result in overcurrents, vTo avoid these problems,
a current control‘loop‘is orovided to limit the
armature current to a.bafe value, and protect the
converter and motor from overcurrents. This is
achieved by sensing the armature current using a
low resistance in series with motor armature anq
feeding voltage drop across it to the input of
PI current controller. The references signal VC2

‘ for motor armature current and current feed béck
signal Vi are compared in this controller. The
output of current controller Vcl’ sets the firing
angle of the converters. The output Vcl is limited
in both directions (+ve and - ve) such that firing
angle a lies between two limits ®oin and o ax
This can be achieved by providing saturation

feature 1in the current controller output.

The current controller also provides fast
response overcoming the effect of disturbances

such as variation in supply voltage.

Suppose the supply voltage falls., Since the electriczl
time constant "(a of the armature is small compared to the
mechanical time constant, the armature current rather than
speed drops almost instantaneously. 1In the absence of the
current loop, the motor decelerates to cope with the load

torque. The speed comes back to the original speed only

-
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after the drop in speed is integrated out by thevspeed (°I)
controller to give a new firing angle «. Hence, for the correc-—
tive action to take place, a change in spe:d has to accompany

a change in the supply voltage and the response is pogf on
account of the large mechanical time constant involved. %ith

a current loop present, a fall in armature current itself
results in a new firing angle @« and fali in supply voltage is
counter = actad by correcting the armature current at a fast

rate. This results in a fast response with zero steady -

state error.

4.3,2 Cosine Firing Circuit

The block diagram of cosine firing circuit and the
output waveforms at e¢ach stage of the circuit are shown in

Fig. 4.3.

The circuit uses the principle of cosihe wave €rossing
control which detormines the firing point of each SCH from the
crossing point of synchronizing signal with the analog refere-
nce signal'or control voltage Vcl’ The firing angle is made
to respond to this control voltage Vcl such that the cosine

of firing angle « is proportional to control voltage V i.e.

cl
Cosu e V§l°
Thé circuit consists of a comparator, differentiator}
monostable (pulse strctcher), oscillator and output stages.
The control signal and the cosine time wave (synchronizing

signal) are compared in a comparator. The output of compara-

tor is differentiated. A pulse stretching circuit which is
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triggered by the output of the differentiator output pulse
(either vositive going or negative going) generates a single
pulse of constant width irrespective of magnitude of signal
input. An oscillator is used to a produce a high fregquency
carrier wave, The oscillador output is ANDed with the mono-
stable output and the output pulscs aré given to the gate of
SCRs after amplification. * The significance of this circuit
is that the cosine rclationshin between the firing angle and
control voltage'is the most natural one for a steady--state d.c.

output,

since the synchronizing signal is taken directly from
the supply through a step-down transformer, it might be possi-
ole that if sub:ly‘voltage decreases sufficiently, then the
maximuin control voltage \/’Cl may exceed the peak value of the-
synchronizing signal and hencc¢ no output pulse will apoear.
To avoid this situation an end - stop pulse 1is produced at
the peak of synchronizing signal as shown in Fig. 4.4. The
author has devecloped a simple circuit to achieve 1t. The phase

voltages V and ¥V are compared in a comparator and the

RN YN
rectangular wave output is differentiated. The stepned-down
synchronizing signal (vgw) and differentiator output are added
directly. The end-stop pulses are e¢xactly at the peak of

synchronizing signal because the voltages VRN and VYN are

equal only at the neak of VBN'

4.3.3 Dual Converter

The dual converter has been already discussed in
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chapter - 3 in detail. If the dv/dt (i.e. rate of risc of the
oositive anode to cathode voltage) is very large, the thyris—'
tor will turn on without apiilication of the gate signal. This
may occur even though the applied forward voltage amplitude

is considerably below the peak anode forward voltage (PFB)
rating of the thyristor. Such an unscheduled turn oﬁ usually
results in excessi&elv large currents which causé thyristor
fuse to interrupt or may cause thyristor to fail. To »rotect
the thyristor against large dv/dt, a snubber circuit (R - C
series circuit) is used across each thyristor as shown in

Fig. 4.5,

4.3.4 Field Circuit Regulator

The conventional full-wave :uncontrolled bridge rectifier
is employed for field excitation of the motor. The ripple
contents in the output of rectifier will not affect the opera--
tion because field winding, being much in-ductive in nature,

acts as a filter.

4.4 Operation of Experimental Speed Control System

The schematic block diagram of the entire e%perimental

system 1is shown in Fig. 4.6. A potentiometer is calibrated

!

in terms of speed and is set to the desired speed. The control

signal V is generated in response to the speed error and

cl

fed to the cosine firing circuit. The synchronizing signal

is obtained from B3 and N terminals of a 3 - @ supply as
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FIGA45 DUAL CONVERTER WITH dvdt PROTECTION
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explained earlier. The required firing pulses for the cosine.
firing circuits are generated., The supply for bridges are taken
from R~Y terminals of the 3 - ¢} supply through an isolation -
transformer. The bridge circuits are fired from the output
pulses of cosine firing circuit through pulse transformers.

The field stply is also obtained from 8 and N terminals, and

is rectified and regulated.

4.5 Conclusion

The neceés;ty of cloged-loop operation for speed control
of d.c. motor is essential. The Pl sneed contrecller gives zero
steady-state error. The PI current controller gives fast res-
ponse and protects the thyristors from over currents. To.
protect the tthistors against dv/dt turn On,snubber cir-

cuits are used. The operation of complete system is described.
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Chapter - 5

THE MATHEMATICAL mODEL OF DRIVE SYSTEM

The mathematical model of the closed-loop control scheme
for speed control of d.c. motor is developed in this chapter.
The transfer functions of various elements are derived sepa-
rately. The system state model has been developed in simplest

possible form.

5.1 Introduction

The closed—loob control scheme for speed control of d.c.
mofor has been discussed in the previous chapter Tovdesign both
the PI current controller and speed controller, the mathematical
model of the drive system is necessary and then only any stabili-
ty criterion can be used. Also, the mathematical model of the
éverall system is necessary to study the effect of load varia-
tion or speed reference changes. The comnplete schematic block

diagram of the s»eed control system is shown in Fig. 5.1.

5.2 Transfer Function of Various Elements

5.2.1 D.C. lotor

The differential egquation of armature circuit of
a2 separately-excited d.c. motor, with constant field

. excitation is as follows:
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where Back emf eb = wam Volts

with K= KI. = constant Lo.(5.1)

and If = constant field current.

The torque balance differential equation is

Jdw
m

.;a.it,:;,.. - T - T

L

where, Load torque TL = me NW~ m and electromégnetic

torque T = K ia NWem—- e..(5.2)

b

The coulomb and static frictions are neglected for
getting a linear model. The visceus friction is iﬁcluded in
the load torque' TL. In a experimental setup, the d.c. motor i
is loaded by means of a d.c. generator supplying power to a
resistive load. Neglecting the electrical time constant of
armature circuit of the d.c. generator, it can be shown that
the load torque on the d.c. motor is proportional to speed.

The viscous friction only increases this proportionality con-
stant.” For the operating condition, this proportionality cons-

tant 1is determined experimentally,

'Taking Laplace ‘transform-of equations (5.1 and(5.2)

[Ti
QD
—~
n
~
il

E_(s) + Rala(s) + sL_1_{s)
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sJ.wr(é) = T(s) - TL(s)

8

1.() = 3uys)

il

T(s) = KI(s) |
(sJ + B) w,(s) = T(s) = KJI_(s) ... (5.3)
The block diagram of d.c. motor using above ejuations

can be drawn as shown in Fig. 5.2. From the block diagram

the transfer function of the motor is determined as follows:

Suls) _ als)
Jts) L+ G(s) H(s)
N S
_ (sLa+5asﬁ(sJ+B)
l+ [ — ,ﬁa..,..r..' g e
(sLa+ha)(sJ+B3
1/.
W {s) M_MMumﬁil e e e+ e ot vemeermen
....Il s - JR
E_(s) a 3]
at 1+ =5 (L+s-g~) (s +73)

Now defining,

L
'Ta = =% = electrical time constant of the motor
a armature circuit '
JRq
’Tm = “Ea.= mechanical time constant.
Kb ' '

the transfer function becomes,

1/
ople) & . (5.4)
EJS) 17+ (% y%) (s HﬁJ)?m
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(Um ( S) K Kb/J
'I';"_(ET)”" = SITE R T (s B/
Iafs) o Tsr o enls)
=a(s) B “n(s) Eals)
Vg ,
N < BAL (T NG
(s+B/J) J/K; 2

“I¥ (15 T ) (s+§737’f‘

(s+B/J) T

Ti+(l+s?“) (s+B8/37~ ] R - (5.5)

The block diagram of d.c. motor can be redrawn as shown

in Fig. 5.5.

5.1.2 Thyristor Converter

The output voltage of thyristor cdnverter is given

Eo= -amaxo Vi, eo. (5.6)

" This eauation shows that the firing circuit

provides a linear relationship of E,1 for variation

A

of V Therefore, the thyristor converter gain (A) is

cl’

constant and is given by (Emax )
K ’

Although the output is proportional to Vi, the

firing of the bridge is not instantaneous. Once the

firing occurs, the information in V is of no value until

Cl
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the instant next firing occurs. To make the analysis
simpler, the delay in the firing unit is approximated
by a simple first order time lag with a time constant
equal to half the 'eriod between consecutive firing

pulses (T (14 ].

ca)
Thus, the thyristor power amplifier (consisting

of the'bridge and the firing unit) is approximated by

3 linear continuous element although it is a non-linear

sampled data element 1in reality. The transfer function

of the thyristor power amplifier is given by

= (s A

) _
»lz——y = T+ST~"—' 009(5.7)

ca

<L)ﬁ'

5.2.3 Current Controller

A PI controller has been choosen for current
control since this vnrovides quick response with zero
steady state error. Its transfer function can be written

A

as

291(6‘,_. ~£WQW,WVLWW (5.8)

5.2.4 Speead uontroller

To provide zero steady state error in speed, PI
controller has been chosen for specd control. The
transfer function of speed controller can be written as

9(S) L\2( 25) .
C2(s) - _T;éugm,_“ .. (5.9)
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5.2.5 Current Transducer

Since the current signal is directly taken through
a rcsistance in the armature of the d.c. motor, therefore,
the gain of current transducer is constant. Thus, the

transfer function of current transducer is

Vs (s)
1 -
N CO RS 0 {5:10)

5.2.6 Speed Transducer

The output of the tachogenerator is directly pro-
portion to speed of the motor. Therefore9 the gain of
fhe tachogenerator is constant. A filter is used to
reducé the ripoles in the output voltage. The transfer
function of svneszd transducer can be written as

v (s) H, (5.11)
Wt e L (5.11
W (s) l+sTf ‘

The complete block diagram is shown in Fig. 5.4.

5.3 System State niodel

To analyse the recsponse of the drive for a step input;.
the system state model should be established. The block |
diagram of Fig. 5.4 is modified, as shown in Fig. 5.9, so

that stat. variables are easily identified,

The state variable set chosen is given below:
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block diagram 5.5
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TCQS c2
VR = %g

<
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. cl
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X2 + ch. cl
A
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l+sTCa cl
L
sTvm, T (Xami%s)
T
sJ+3 4
H
— .
-+sle 5

(a)

(b)

(c).

(d)

(e)
(f)
(9)

(h)

(1)

(3)
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... (5.12)

ee.(5.13)

On substitution of equation (5.13 b) in equation

(5.13 a) and equation (5.13 ¢),

or

e (Vi = X, )
TCQS R 6
K
2
i ([ X )
e R 6
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Taking inverse Laplace transform.

dx K

L 2 iy - ,
et = = \VR xé) 5.14(a)

Vep = Xp + K, (Vy - x6) 5.14(b)

On substitution of equation (5.12 e) in equation

(5.13 d) and eguation (5.13 f),

Kl (
Xn = == (V_, -H. x,)
2 Tcls c? } 4
or Kl , )
Sxn = —==— (V - H, x
2. Tcl c2 i *4

Taking inverse Laplace transform,

dx2 Kl )
g2 = w= (U, = H, x,) (5.14 ¢)
cl
vcl = XQ + K2 (VC2 - Hi x4) (5.14 4d)
From equatiorn (5.13 g)
A
NS SN
x p—
3 l+sTCa cl
or
xg + sx3T., AV
. o
or o . A T¥s
X3 = T
ca
Taking inverse Laplace transform
dx AV - X
3. - gL 73
T = (5.14 c)
ca

Frorm equation (.13 h)
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g inverse Laplace transform,

= (x3 .= Kxg = B x,)/L .(5.14 f

(A

eduation (5.13 i)

_ 5
X5 = 5718 4
_sx.5J + Bx5 = Kbx 4
SX = Kb X4 . 5{5...
5 7 J

| inverse Laplace transform,

- B (5.14 q)
dt
quation (5.13 j) .

\ Hw '
X6 = l+s'-f»;.-.,..«_ X5

xg + sx,éTt = H X |

o, - w5 7 Xe

6 Tf

inverse Laplace +transform,

dx H x. - X
T = e (5.14 h)
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The equations (5.14 a) to (5.14 h) describe the state
model of the drive system. The identity of Vcl and Vc2 is
required to incorporate the saturation characteristic of the

controllers later.

5.4 Conclusion

The closed-loop control scheme has been mathematically
modelled., The transfer function of all elements of the drive
are established. Also the system state model is dgvolopedu
These mathematical models will be used later to design the
system and study its responsc for particular inputs and

load variations.
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Chapter - 6

SYSTEw DESIGN

In this chapter, the complete system is designed. This
includes design of power circuit, rcactors, field circuit
rectifier, firing circuit, and speed and current controllers.
Controllers are designed on the Dbasis of relative stability
using the D-decomposition method and the frequency scanning

technique.

6.1 Introduction

The earlier Chapters describe the various blocks of
system in their analytical and operational forms. The systen
is now designed in complete detail. The d.c. motor sclected

has rating as follows:

Specification of the motor

.

D.C. motor

Power = 2 h.p. or 1.592 Kil
Voltage = 220 Volts
Speed. = 1050 rpm.

Supply available - 3 @ a.c. 440 V, 50Hz

6.2 Design of Power Circuit
For 1 - @ dual converter the voltage at the d.c.

terminals is given by

S 202y e |
I'_a = ™ VCOoa (6.].)
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where,
V = r.m.s. value of supply voltage

E = EM%W X 440

1

396 volts

The theoretical maximum output volta-e is above the
maximum motor voltage rating and therefore, the full range

speed control is possible.

The minimum firing angle is fixed by limiting the value
6f control voltage vcl in both directions at + 9V such that
the minimum firing angle is 10° and maximum firing angle is

170°.

Beyond the firing angle 170°, there is danger of
commutation failure in inversion mode. Therefore, from 10°
to 170° the output of dual converter is directly proportional

to control voltage vcl‘

_ _ 1A0
At V, =9V, «=10
CE. = 22 440 cos10°
a T
= 390.12 volts
.. Gain of the dual converter = A = §2%4i2

43.34

The supply frequency is 50 Hz . - Therefore, time period
of the supply voltage is 20 msec. In each cycle two'firing
pulses are required to trigger £he poéifi?e/negative con-

verter. Therefore, time lag T., between two consecutive
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kS

firing pulses will be %( ) = 5 msec,

Thyristors Voltage'Rating

The supnly voltage available to the power amplifier
is 440 volts, a.c. therefore, the peak inverse voltage (PIV)

across each arm of the thyristor bridge will be given by

PIV =—-g~xv :-72£—x44o

= 691,15 volts
Allowing a safety factor of about 2, so that the

thyristor can easily take a reasonable transient over voltage

a thyristor with 1200 PIV rating are used.

Thyristors Current Rating
The full -~ load d.c., motor armature current is

determined as below:

D.C, motor armature current = e

= 7.53 amps.
Efficiency is assumed to be 90 ¥%.

SCRs of rating 10 amps. can easily take the motor
full load current. The: thyristors available are of

16 amps. current rating.

The thyristors used has following specifieations:



.
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Thyristor Type S51012
Current Rating 16 amps.

Maximum Reverse Repetitive Voltage 1200 Vv

The SCR must be mounted on a heat sink. It will

enable the heat generated within the thyristpr to be trans-

~ferred from the cathode junction to the surrounding atmos-

phere without allowing the cathode junction temperature to
rise above the maximum allowable value for the thyristor
used.

To protect the thyristor againt ¥ turn ON, a

snubber circuit which is a R-C series circuit is used across
each thyristor. The accepted value of R and C available

are 50 ohms, 5 watts and 0.25 uf, 1800 volts respectively.

6.3 Design of Reactors

The maximum circulating current is given by

. _ Y2y
1 = L&Y
cmax w_ L
s
The maximum circulating current allowed is assumed
to be 1.5 Amps.
Ws*cmax

V2 x 440

— e

2xmx50x1.5

= 1.32 H
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Therefore, two reactor coils of 1.32 H each are

required.

6.4 Design of Field €ircuit Rectifier

For field circuit 3Y126 restifier diodes are selected
because their current rating is 3.0 Amps. which is sufficient
to meet the field current requirement. They arc¢ connected

in bridge form.

6.5 Design of Firing Circuit

The firing circuit consists of end-stop pulse generator,
comparator, differentiator, pulse stretcher (monoslable
multivibrator), oscillator, AND gate and .the output stage.

The design of these comdonents is described below.

| 178389

s wo BE Y

6.5.1 End Stop Pulse Generator

b4 ' .
The. phase to neutral voltages V,.. and V,,, are stepped
RN YN
down using 220V/3-0-3 V transformers and the outputs are
compared invan OPAMP IC741 through 10K resistance as shown
in Fig. 6.1. The description of IC741 is given in Appendix
'C'. The output wave is differentiated using a capacitor
of 0.01 pf in series with outputo. The oulsce outputs are
directly in synchronism with the stepped-down voltage VBN
at the peak points and are added to the same voltage through
10 K resistances directly. Thus, the required synchronizing

signal is obtained. Two such circuit are developed, one-

for VBN synchronizing voltage and another for VNB synchronizing



12V
w 10 K +
% NJ\ 01 /\

uf 4o
Vi IC 741
/\ 10 K -, A
N~ 10 K
12v

Vv

[\ BN Synchronizing
\/ Signal

FIG.6.1 END STOP PULSE GENERATOR

N N

FIG.6.3 DIFFERENTIATOR
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voltage.

6.5.2 Comparator

The comparator circuit is made with the help of
operational amplifier IC741 as shown in Fig. 6.2. The output
of current controller (Vcl) is given to the inverting terminal
(pin 2), and the synchronizing signal is given at non-invérting
terminal (pin 3) through 10 K resistance. As VCl varies from
+9V to -9V, the firing angle changcs from 10° to 170°. Two

such comparators are used. In one synchronizing signal

is used.

voltage VBN and in other voltage VNB

6.5.3 Differentiator

AR-C differentiator is used for differentiation as
shown in Fig. 6.3. The Rdcd time constant is assumed as
1 msec. Therefore, Rd and Cd values selected are 10 K ohm
and 0.01 uf 7respectively. Both the positive and riegative
going pulses are used to trigger two monostable multivibrators,
and therefore, these pulses aresent through diodes IN4OOL

resulting in blocking either theé positive pulses or negative

pulses.

6.5.4 Iionostable iwltivibrator

The monostable is an electronic circuit which has
a stable state and a quasi -~ stable state.. The circuit
remains in its stable state until an externally applied

triggering signal switches it to a quasi ~ stable state.
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The R - C time constant within the circuit determines the
interval during which the circuit remains in the quasi - stable
state. Upon completion of the time cdnstant interval the
circuit reverts to its original stable state ana reamins in
this state until another externally initiated triggering pulse
is applied. The circgit is frquently called a one - shot

multivibrator [32].

The author has used IC74121 which is a monostable
chip. 'The details of IC74121 are given in pppendix 'C'. In
orde; to trigger the monostable at negative going pulse out-
put from the differentiator, both Al and A2 inputs at pin 3
and 4 of the monostable IC are grounded and the positive
going pulse is applied at input 3 (pin 5) as shown in
Fig. 6.4(a). To trigger the mbnostable at positive going
pulse output from the differentiator, Dboth A2 and B inputs
are kept high and positive going pulse is applied at input
Al as shown in Fig. 6.4(b). The duration of the output pulse
is determined by the timing resister Rex connected between
pin 14 and 11. The timing resistance Rex must be in the range
of 1.4 K ohm to 40 K ohm. The maximum allowable value of

timing capacitor is 1000 pf. 'The duration of the output

pulse 1s seconds 1is given by

Tow = ©O.7 RoxCex

Tou is assumed as 2.5 msec (aporoximately) so that

reliable firing of thyristor is assured.
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Hence,

2.5 x 107°

CoxBox = 0.7

- = 3,857 x lO*3sec

It

3.57 msec

Values of Rex and Cex selected are 33 K ohm and 0.1 pf

respectively to achieve the desired TON time.

6.5.5 Oscillator

IC555 is used as an oscillator. The details of ICHHH

are given in Appendix - 'C'.

The circuit is connected as shown in Fig. 6.5. It wilil

-

trigger itself and free run as a multivibrator. The external

capacitor CT charges through R, and RB and discharges through

A
RB only. Thus the duty cycle may be set précisely by the ratio

of these two resistances [35].

In this mode of operation the capacitor charges and

. e e 1 2
discharges between 3 Vv and 3 NC

ce The charging and

i
discharging time and hence, the frequency is independent of
the supply voltage. The charging time (output high) is
given by

t, = 0.693 (R, + RB) CT

1 A

The discharging time {(output low) 1is given by

t, = 0.693 RyCp

Thus the total time period is given by

T =1t +t,=0.693 (R, + QRB) CT

1 2 A
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/

and frequency of oscillation is therefore,

1 _ 1.44
T (RA + QRB) Cr

f =

Duty cycle D is given by

D = _ig_ = -_Eﬁm,
= = =

RA + 2RB

Oscillator frequency is selected as 750 Hz“ High
frequency of gating pulses reduce the gate losses sufficiently.

Duty cycle is selected nearly equal to 0.5.

1.44
= 750
(RA + 2RB) CT
_B -
- = 0.5
RA + ZRB
C; 1is selected as 0.01 pf.
Ry + 2Ry = 144 —¢ ohms
750 x 0.01 x 10
= 192 K ohm
also RA + 2RB - 2&8

Therefore, RA is taken as 1 K ohm, and 100 X ohm
present is used for RB to adjust the desired frequency

accurately.:

6.5.6 AND Gate

The output of monostable multivibrator and oscillator
are ANDed in an AND gate to get high frequency pulses

during each monostable output pulse IC7408 (2-input AND gate)
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is used for ANDing operation. The details of IC7408 are

given in Appendix 'C'.

6.5.7 QOutput Stage

The pulse output from AND gate may not be strong enough
to turn ON and SCR., Therefore, the output of AND gate is .
amplified through an amplifier as shown in Fig. 6.6. A
transistor SK100 is used for this purpose. The load resis-

tance RC is taken as 33 ohm and base resistance R as

base
4,7Kto achieve the desired amplification. The gate and cathode
terminals are at higher potentials of the power circuit,
therefore the control circuit should not be directly connected
to the power circuit. A pulse transformer is used for physical
isolation between control circuit and power circuit. A diode
IN4AQDL is connected écross RC and pulse transformer primary
winding to avoid the saturation of pulse transformer core.

A diode . IN4OOl is connected in series with éecondary of pulse
transformer to block the negative pulses. Gate should also

be protected against over voltages. This is achieved by

connecting a diode IN4OOl across gate~to-cathode.

A common problem'encountered in the SCR circuitry 1is
spurious (or noise) firing of the device. Trigger pulses may
be induced at the gates due to turn ON or turn OFF of a
neighbouring SCR or transients in the pdover circuit. These
undesirable pulses may turn ON the SCR, thus causing improper

operation of the circuit. Gates are protected against such
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spurious signals by connecting a capacitor (0.1 pf) and a
resistance (100 ohm) across the gate-to-cathode to by pass
the noise pulses [34, 26]. The waveforms at each point of

the firing circuit are shown in Fig. 6.7.

6.6 Design of Controliers

6.6.1 Current Controller

A PI controller is used as a current controller to
limit the armature current and for fast system response. The
transfer function of the durrent controller is given by

K, (1 + Tcls)
5 - . Therefore, the gain K

clS

1

and time constant T,

1 1

of the controller are to be designed. The current Qontfol

loop is shown in Fig. 6.8. \

The gain and time constant are selected on the basis
of relative stability as well as the response of the current
loop for a step current reference input. The parameter values
‘for a certain relative stability is determined using the

D-decomposition method as described in Appendix 'A'.

The characteristic equation of the current loop is

given by

A H.(s+B/J) T_/R
L+K (14 =) 1 m.2

= — - sy = 0 e (6.1)
Te1s Th{hsﬁg m+&ﬁ)%JU+ﬂkQ

A H. (s+B/J) T /R
+(1+ Tl -) 2 e m_.2 =0 e (6.2)
1 cl [1+(1+52;) (s+B/J)raJ(1+sTca)




Fig.6.7(a)Synchronizing Fig.6.7(b) Comparator
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Putting a = & and B :.% ‘, the equation (6.2) can
1 cl
be written as

A H, s+3/J)r‘/R

o (14 £-) e e = O ... (6.3)
[l+(l+sl ) (s+B/J) T’](l+sT )
Writing Fl(s) = A Hi(S+B/J)Th/Ra’
and Fz(s) = [l+(l+s?€) (s+B/J)Tﬁ] (l+sTca) - the
equation (6.3) can be rewritten as
o sFQ(s) + P Fl(s) + sFl(s) =0 ce.(6.4)

Since 's!' is a complex frequency, equation (6.4) can
be expressed by following two equations, after equating real

and imaginary terms separately to zero for any value of s:

Il

e[sF2(s)] + B Re[Fl(s)] + Re[sFl(s)] 0  ...(6.3)

1
@)

a In[sF,(s)] + B Im[F ()] + Im[sF, (s)] . (6.6)

Where 'Re! stands for real value and 'Im' stands for

imaginary value of the bracketed guantities.

Seiving equation (6.5) and (6.6), the values of a and
3 can be given by: '
Re[F (s)]. Im[sF (s)] - Re[sFl(s)] ¢m[F s)]

° T Im[F (s) 1. Re[sr2(s)jm:wim[sf (s)]. Re[F s)]

Im[sF (s) ]. Re[;F (s ] - Im[sk (s)]. Rest (s)]

R . e e e

Im[F (s)]. Rels F, ] - Im[sF (s j: %efL (s)]
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e Eossrerme

+ y%y1 —Y2 . two

Putting s = —o+jwd or s = -5w ¥

n
different sets of D-partition boundaries are obtained as shown
in Fige.6.9, 6.10, 6.11. To ensure maximum relative stabilitv,
¢ and§ are increased from minimum value of zero. It is

found that the region with higher degree of relative stability
goes on decreasing as o and¥ are increased. Computer
programmes are given in .Appendix 'D'  for obtaining the
D-partition boundaries. = Thus, regions with highest possible

o and values are obtained. The stability of the probable
most stable region is checked by frequency scanning technique
as shown in Fig. 6.12 gnd 6.13. After ensuring stability

of the probable most stable region, the final selection 1is

made by comparing the time response of the current loop for

a step current reference input at different points (i.e.
different gain and time constants) in this stable region.

For this purpose, the state model of the current loon is

required.

The model of systém is modified slightly for the
transient response of the current loop. The back emf Eb
will rémain constant for a step current reference input
because (i) the current loop is fast, and (ii) the motor
has sufficient inertia. The modified current -loop is shown

in Fig. 6.14.

The selected state variables are:
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Ea = X2

I =X3

The reference current input is taken as

VC2 = 1.0

From the block diagram of Fig. 6.14

Ky
X = - €
1 Tcls cl
€e1 = Vc2"Hi *3
3 Kl (
o 8X; = m— (V_, - H. x,)
1 Loy c?2 i 73

Taking

dx K

1 1
= (V — 1 X )
dt Tcl c2 i 73
Also,
A
o T T5sT T Vel
- ca
Hence,
’ o o A ——
s¥pley = AV = %
Taking inverse Laplace transform
.dxz B A VCk - 32
dt - T '
: ca
Further,
3 = SLTTR. %2
a a
sLax3 = X5 - Rax3

inverse Laplace transform of equation
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co . (6.7)

(6.7)

... (6.8)

... (6.9)

of equation (6.9)

... (6.10)

ce.(6.11)

Taking inverse Laplace transform_of equation (6.11)
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3. - 2...a3
“u.-.t = L ¢ o o (6012)
a
Also, -
Vop = X+ Ky (vc2 - Hix3) ...(6.13)
The limiting values of V_, are + OV _
i.e. +9V KV ¢ - 9V ... (6.14)

cl

Using equations (6.8), (6.9), (6.12), (6.13), and
condition " (6.14) the transient response of the current loop
for a step current reference input are calculated using Runga--
Kutta Fourth order method and the current (Ia) as a function
of time (t) is plotted on CALCOMP plotter of DEC-20 Computer
for different values of gain and time constants as shown in
Fig; 6.15. It will be noted that for gain Kl = 0.25 and time
constant Tcl = 0.083 sec, the response is fast and the sett-

ling time is nearly 0.4 sec. Therefore
Gain of the controller K = 0.25

Time constant of the controller (TC = 0.083 sec

1)
The transfer function of the current controller is

now given by 9425(é geg'283u§)ﬂ

The realization of current controller is shown in
Fig. 6,16, OPAMP 741 1is used for this' purpose. The non-
inverting terminal (pin 3) is grounded through 1K resistance
and error between reference and feedback signals is given

at inverting terminal (pin 3). The output of the amplifier
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is taken from pin 6 and also fed back to the inverting termi-
nal though Ri Ci series circuit. The feedback capacitor Ci
is chogen as 0.66 uf and from the values of Kl and Tcl the

values selected for Ri and le are:

Ri = 125 K ohm
Rig = 510 K ohm
The value of Rl is selected from the relation
ve2 i
Ay Rir

For a maximum armature current, the feedback voltage
is 4V (=Vi)° Limiting the value of VCD to 4V in both direc4

tion the values of Rl is choosen as 510 K ohm.

The output of current controller is limited to + 9V
using 9 volt zeners connected back to back in parallel with

Ri’ci series circuit.

6.6.2 Speed Controller

A PI controller is also used for the speed controller.

The transfer function of speed controller is given by
K2(l+TC2s)

e o err—

TS . Here, the gain (KQ) and time constant (TCQ) are

to be designed. These values are selected on the basis of
relative stability as in the case of current controller. The

complete speed loop is shown in Fig. 5.4.



The inner current loop is reduced to a single block,

the transfer function of which is given as follows:

T.F. of current loop = SN M-
1 + G(s)H(s)

where, ” .
als) = K (14T ys) A . (s+B/J) T/ R,
e =/ ~
Ty 1+sT [1+(1+sba)(s+3,J)z:m]
_ R
F,(s)
H(s) = H,
Fi(s)
T.F. of current loop = ‘FQTET _
H.F£T§7
R Ok
“ol\s
Fule)
F2(s)+HiFl(s)

The characteristic equation of the complete system with

this speed loop is then, given by

1 +G (s)H(s) = 0O
Where, , ,
als) = k2(l+TC25) bl(s? mwa/Jm“
T oS ‘ F2(5)+HiFl(s) s+B/J
H
y W
H(s) = —

Therefore, the system characteristic equation is
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' F.(s) K, /J H '
ﬁl ) . ., Y% s ...(6.15)
TepS -F2(s)+HiFl(s) s+B/J I+sT,

l+K2(l+

Now defining,

Tl
w
—
6]
~—
|

= Fl(s)Kwa/J

T
N
i)
S
|

- (P2(s)+HiFl(s))(s+B/J)(l+sTf)

the equation (6.15) can be written as

14K, (14 =) 3(o) 0
+K =
o+t Toos F4(s)
Fa(s)
or A 4 (Le—i—y 3200 2 o e (6.16)
K, Tons F4(s)
. <. 1 ' 1 ot .
Again defining, = e, Feo= B , the equation
2 c?
(6.16) become
' N
a sF4(s) + B F3(s) + 5F3(s) =0 e (6.17)
As before, substituting 5 = ~o+jw, and s = -3§wnijanl4E:

two sets of D-decomposition boundaries are plotted and the

most stable region is found for both sets as shown in Fig. 6.17,
6.18, and 6.19. For checking the relative stability, o and §
are increased from miniiaum values. The resion with highest
possible values of o and ¥ are obtained. The stability of
this region is checked using frequency scanning technique as

- shown in Fig. 6.20 and 6.21. For finding the most suitable
parameter set, the response of the speed loop for step

speed reference input for different parameter sets from

the most stable region are calculated using equations (5.1l4a)
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to (5.14h) and the fourth order- Runga-Kutta method. The
response of the speed loop (speed W as a function ‘of time t)
is plotted for p.u. reference speed input on CALCOMP plotter
for various sets of gain and time constant as shown in Fig.
6.22. The response of the speed loop shows that'fbr gain

= 1.428, and time constant = 1.428, the response is fast and

. settling time is nearly 4 secs. Also, the overshoot in speed
is less. Therefore, the gain of the speed controller is
chogaean as 1.428 and time constant of the speed controller is
chos n as 1.428. The transfer function of speed controller

is given by 1.428 (1+1.428s)
1.428s ’

| The realization of épeed controller is shown in Fig.
6.23. OPANP 741 is used for this realization. Non inverting
input is grounded through 1K ohm resistance., The error
between reference speed signal VR and feedback signal Vw is
given at inverting terminal (pin 2). The output is taken from
pin 6 and it is fed back to the inverting terminal through R
and Cw series circuit. The feedback capacitor Cw is chosen

as 1.88 pf and from the values of K2 and TC2 the values selected

for sz and Rw are given bys
Rw = 760 K ohm

The input resistance R2 is chosen from the relation,

Ro_ 0w

=]
|
X
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For the'maximum speed the feedback voltage is 12V

and also the corresponding reference soeed voltage is 12V.

Therefore, R, =R

5 = = 530.K ohm

2f

The output of speed controller is limited to + 4 volts
using 4 volts zeners connected back to back in feedback

circuit across Rw_ Cw series circuit.

The complete control circuit is shown in Fig. 6.24.

6.7 Conclusion

The power circuit is designed for speed control of
2 h.p. D.C. motor. The thyristor protecctions are considered
while designing the control circuit. The firing circuit is
designed carefully. The end-§top pulse generator is developed
by author. The speed and current controllers are designed
on the basis of relative stability. The <response of the
system for wvarious gain and time constants are considered
while selecting final values of gain and time constants of
controllers. The chosen parameters ensure a very fast
response current loop (with .4 sec settling time for unit
step current reference input) together with a sufficiently
fast speed loop response (with a settling time of about 4 sec
for a p.u. reference speed setting). Saturation characteristic
is provided to both the speed and current controllers to
ensure safe operation under starting, sudden change in specd

recference setting and sudden loading of the motor.



1INOMO

ONIbl4d  3LITdANOD #29 Ol

o0, 19130 95)nd dope pu7

HORT] 1950

i

<~z

S+
)G 1S OUY

H030:40d 2107

o) |

AT+

WMI]JOAPHOT JUIAAT)  HAI)[ONIUOD PIFHG 4ox p2ads



66
. Chapter - 7

DRIVE PERFORMANCE

The performance of d.c., motor drive, fed from the
dual converter is investigated experimentally in this chapter.
The experimenfal results are compared with the Qnalytioal.
results. Typical waveforms of d.c. output voltage.and current

are also given for various operating conditions.

7.1 Introduction

In an earlier chapter, the various components of the
dual converter have been designed and experimental results
in form”of waveforms of the firing circuit have been given.
The experimental and analytical performance of the d.c. drive,
fed from the carlier designed dual converter, is determined
now, In: order to extensively test the designed converter, its
performance both as a single converter and a dual converter
under resistiVG and inductive load conditions is also deter-

mined experimentally.

7.2 Performance as a Single Converter

First, botn the converters are tested Separately on
resistive and inductive loads tc ensure that both the conver-
ters. are operating well. B8ince there is no speced . back in
these cases, the speed controller output will always be under

saturation., Therefore, an external variable voltage is usod

as a control voltage to fix.any firing anglce. The photographs
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of d.c. voltage output and load current at this firing angle

are shown in Fig. 7.1. The waveforms seem to be satisfactory.

The converters are now tested separately on the motor
load in closed loop mode with both current dnd speed feedbacks.
Table ~ 7.1 gives the variation of spead of the motor as a

function of speed reference voltage.

Table 7.1 D.C. Motor Speed Control With Single Converter

S.No., Speed reference Spead
Voltage (volts) (ropm)

on wevmy

SmeTa NS A L ETEA T 2

1 3.5 430
2 4.5 510
3 5.5 570
b 6.0 610
5 6.5 650
6 7.0 : 680
7 7.5 740
8 8.5 830

et G kL e L ANTMEAATLNL L . T FAATR SR riUE e D e S e

A curve is plotted betyeen speed and speed reference
voltage as shown in Fig. 7.2. The curve shows that the speed

varies almost linearly with refercnce voltage.

7.3 Performancz as a Dual Converter

Now, the converters are connected in dual mode. The

dual converter is first tested on resistive load., The



Fig,7.1(a) Voltage Output Fig.7.1(b} Load Current
#ith Resistive Load Jith Resistive Load

(Single Converter) (Single Converter)

Fig.7.1(c) Voltage Output rig,7.1(d) Lead Current

4ith Inductive Load yith Inductive Load

($ingle Converter)

(3ingle Converter)
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photographs of d.c. output voltage, and current with a con-
verter operating cither in rectification or inversion mode

are given in Fig, 7.3. The firing angle is fixed to any desired
value using a variable voltage as a control voltage input.

The waveforms again seem to be satisfactory. The variation

of load voltage as a function of load current is determined
Table 7.2 gives the performance with positive group converter
under rectification mode and negative group converter under
inversion mode whereas Table 7.3 gives the performance with
the positive :group converter under inversion mode and negative

group converter under rectification mode,

Table 7.2 Dual Converter Performance With Positive

Converter in Ractification Mode

e e T o s venmn wrar o ee e BV e -z e

S.No. Input Input Input Load Load
Voltage Current Power Voltage Current
(Volts) (.mps)  (Matts) (Volts) (.mps)

1 250 0.8 200 228 0.8
2 250 1.6 350 226 1.6
3 250 3.0 680 226 3.0
4 250 4,6 1060 224 b.6
5 250 5.7 1200 222 5.3

6 250 6.7 1480 220 6.7

R VTIPS N S W AETS L Reaen RASWRTR VR L ad a0 EARR AWATIE N awecw. 0 LA SIS ER am ot M. AR o Wve—



Fig.7.3(a) Voltage Output Fig.7.3{(ph) Load Current
#ith Resistive Load With Resistive Load

(Positive Converter as (Positive Converter as:
Rectifier) . rectifier)

Fig.7.3(c) Voltage Output Fig.7.3(d) Load Current
Jith Resistive Load Jith Resistive Load

(Pogsitive Converter as (Positive Converter as
Inverter) Inverter)
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Table 7.3 Dual Converter Performance With Positive
Converter in Inversion Mode
S.No. Input Input Input Load Load
Voltage Current Power Voltage Current
(Volts) (_.mps) (dJatts) (Volts) (.mps)-
1 200 0.5 140 178 0.5
2 200 1.3 240 177 1.3
3 200 1.95 360 176 1.95
4 200 3.2 600 176 3.2
5 200 4,5 860 175 4,5
6 200 5.7 1060 174 5,7
7 200 6.8 240 174 6.8

e s Lo L

e s At T 1T Ttk

e e A e

P o R PR S, U TR AR T

v sy

Since no feedback is present, both the controller
outputs are in saturation and hence, the firing angle is fixed
to minimum value for cdnverter operating in rectifier mode
and at maximum value for converter operating in inverter mode.
The circulating current is nearly zero and not measurable.

The converter is capable of supplying rated converter load.

Lastly, the dual converter is tested on the motor load in
closed loop. Tue photographs of motor terminal voltage and
currer. ., and voltage across the reactor with a converter
working in either rectification or inversion mode are Shown
in Fig. 7.4. The waveforms seem to be satisfactory. Table 7.4
gives the variation of speed as a function of speed reference

voltage.



Fig.7.4(b) Hotor Armature

Fig.7.4(a) Motor Voltage

(Positive Converter as Current (Positive Coaverter

‘Rectifier) as rectifier)

rig.7.4(c) Motor Voltage Fig,7.&(d) Motor Armature
C ~+ (Positive Converter
(Positive Converter as Current lPOc\ltlfe
Inverter) as Inverter)
LW B




mig.7.L(e) Voltaze

Reactor

Photograph of the Control Circult
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Table 7.4 Dual Converter Fed D.C. Motor
' Speed Control

L o P ] PR T S L L e e G

5.No. ©Speed Reference  Speed

Voltage (Volts)  (rpm)
1 ' 4,5 400
2 5.5 500
3 6.0 600
4 7.0 670
5 8.0 750
(6 9.25 850
7 10,0 900

—E—" AT Y 3 ek - . — o SO
AL W s smeesa L mRTITOR  Gms MONALGCI ST PN T ST . i s

A curve is plotted, between speed and speed referance
vcltage as shown in Fig. 7.5. The curve shows that the speed

varies almost linearly with speed reference voltage.

The response of the drive for step speed reference
input is plotted on a dual channel recorder and is shown in
Fig. 7.6. The response shows that the controllers gain and
time constant determined in an earlier chapters -are well
suited to the drive. The drive takes nearly 5 secs to

reach the steady state speed of 480 rpm.

Now, the motor reference speed is fixed at a particular
value and the load on the d.c. generator is varied. Table 7.5

gives the wvariation of speed as a function of load.
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Table 7.6 Speed ‘Regulation of D.C., Motor With
Load Variation '

e — 79 = 4 S g R T e pS— R L R IR SRS - ( meer S s Srmonesme Ve

S.No., Input Input Input Motor Motor Spead Load Load

Voltage Current Power Armature Armature Volt Current
Voltage Current age
(Volts) (.mps) (vatts) (Volts) (umps) _ (rpm) (Volts) (amps
1 300 4.6 880 268 4.6 L6 196 2.6
2 300 4.8 920 266 4.8 oLz 192 2.7
3 300 5.0 1000 262 5.0 oLO 186 3.3
4 300 5.4 1060 260 5.4 938 164 4.1
5 1300 6.2 1120 258 6.2 935 150 4.8

PR S A S ) TP BT U AR T S T & m RS e e i AT T AT TR T a0 SR T LA AR AT SETYRL T L v e e AT ks e r———

The speed is found to drop by small amount as the load
is varied from low value to high value. The speed regulationi

is found to be 1.16 %.

ey

‘The transient response of drive system showi#g the
effect of load variations are plotted theoretically and experi-
mentally as shown in Fig. 7.7 and Fig. 7.8 respectively for
25 % and 50 % step decrease iﬁ_loadd-The initial speed of the
motor is held at 480 rpm. +to obtain the plot. The point 'A!
shows the instaent cof load voriation. The initial spe.d
of th: motor is held at 48Q. rom to obtain th plot. The
results shows that such a step variation in load causes negli-
gible variation in drive speed and the drive settles extremely

fast.

The transient response of the drive system for step change

in specd reference voltage is plotted both theoretically and
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expérimentally as shown in Fig. 7.9 and 7.10., The initial
spezd of the motor is held at 480 rpm and th: speed is reducad
to 300 rpm. It takes nearly 4 secs for the drive to settle

to the new speed.

The transient response cf the motor for change in
specd reference voltage from full forward to full backward
and full forward +to half the backward are calculated theore-
tically and plotted as shown in Fig. 7.171 and Fig. 7.12. The
author could not plot these responses experimehtally because
the tachogenerator available is a.c. tachogenerator, the
output of which is to be rectified to get d.c. voltage and
therefore, the change in directioir of rotation will not change
the direction of tachogenerator output voltage. The author
could run the motor in open loop in both directions\and found
thet by reversing the direction of speed reference voltage,

motor changes its direction of rotation,

7.L Conclusion

The performance of d.c. motor drive fed from the -~
1 - phase dual converter is investigated. The performance
of converter bofh as a single converter and as dual converter
is tested on resistive, inductive and motor load. The analyti-
cal and experimental results are compared. The motor takes
nearly 5 secs at step referance speed input to reach 480 rpu.
The speed of motor drops by a small amount with load varia-

tion and speed regulation is found to be 2 % order. The dual
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is cépable of taking ratea load. The motcr takes
secs for step change in speed reference voltage

the speed from 480 rpm to 300 rpm. The dual con=-
able to run the motor in both directions by rever-

speed reference voltage.

-
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Chapter - 8

CONCLUSION

The design, fabrication and performance invesfigation
of a L-quadrant speed ccntrol of a dual converter fed separa-
tely excited d.c. motor has .been discussed in this disserta=-
tion.

A dual converter consists of two similar fully controlled
converters connected in antinarallel and the firing angles
of both the converters are varied such that the sumofboth angles
is equal to 1800. If one converter operates as a rectifier,
then the other operates as inverter., The circulating current
is limited to an accepted level using two reactor coils betwean

two converters.

The cosine firing circuit consists of end stop pulse
generator, comparator, differentiator, monostable multivibrator,
oscillator and output comnlifiers to fire the thyristors. A
ferrite core pulse transformer with two secondaries, 1is used

for isolation between power and firing circuit.

Two proportional plus integral (PI) controllers are
usgd, one as sSpeed controller and other as current controller
to - provide a fast response. The inner current loop protects'

the thyristors and d.c. motor from over currents and also
provides fast response. It also takes care of supply voltage
variations, The current is sensed by means of a low resistance
in series with the motor armature circuit. The speed is

Sensed by means of a tachogenerator mounted on the motor shaft.
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In operation, the error between speed reference voltage and
spéed feedback voltage (VR - V,,) is integrated in speed (PI)
controller. This automatically sets the current referénoe vol~-
tage and is compared with output of current feedback voltage
V.. The resulting error is integrated in current (PI) con-
troller which is used as a control voltage and sets the firing

angles of both the converters. Thr firing angle is controlled

by controlling ch, the output voltage of current controller.

For design of controllers (gains and time constants),
a mathematical model is made from the transfer functions of
different elementsied.c. motor, thyristor dual converter:,
current controller, speed controller and féedback transducers.
First, the inner current loor is considered and the characteri-
Stic eqguation is derived. The current controller has a trans-
fer function Kq'(ﬂ + chs)/chs. Its parameters gain K1 and
time constant T aré found out with the help of D-partition

el
method and ohécked by frequency scanning technique for varia-
tion ine and § to obtain the most stable region. The final
selection of parameters are done after checking the response
of the current loon at various éoints in the stable region
using Ranga -~ Kutta method. For this, the state model of the
current loop is derived. After determining, the value of K4

and lToq, a suitable current controller.. is designed and

fabricated.

Next, the characteristic equation of the complete

system 1s derived. The parameters of speed controller gain
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K2 and time constant TC? having the transfer function
K2(1+T025)

e i @re determined in a manner same as for the current
S
TCZ
controller gain and time constant. The state model of the

complete system is also determined.

The complete fabrication of firing circuit, thyristorized
dual converter , current controller ~and speed controller  are
done and the performance of the drive is investigated. The
experiments are performed at resistive, inductive and motor
load with converter working as a single connerter or dual

converter.

It is evident from the experimental and analytical
- studies = that the closed loop control provides good speed
regulation. The speed of motor can be varied by varying the
speed reference voltage and it can.also run in both direction

by reversing the speed reference voltage.

Scope For Further work

Further work can be done on the following topics:

(i) while deriving the transfer function of thyristor
converter the time .delay in the firing current is
approximated by a simple first order time lag to make
the analysis ' simpler. It can be taken in transdental

form which 1s more accurate,

(ii) A .d.c. tachogenerator can be used to study the

4-quadrant speed control of the d.c. drive.
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(iii) The performance can be improved if the single-phase
dual converter ig replaced by three-phase converter
]
because of various advantages Ihc circul .ting curr.at is
less in case of 3 - ¢ dual converter and also both
the converters are in continuous conduction both at

no load and loaded condition,
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APPENDIX - A

PARAMETER PLANE SYNTHESIS METHOD

A process is said to be stable if for any small initial
deviations, the equilibrium is restored to the control system
as a result of the action of the controller, and the process
is said to be unstable if the controller does not restore
operating state which existed in the system before the‘appea£—
ance of these initial deviations. In the case of linear model,
if it is stable for small disturbances then it is stable with
respect to any other disturbance. The necessary and sufficient
conditioq for the stability of the control process in its
linear approximation (i.e. in the case when the process is
described by a set of linear differential equations) 1is that
all the real roots of the characteristic equétion be negative

and all complex roots have a negative real part.

Usually the techniques employed for studying the
stability have been the Routh - Hurwitz's criterion, Nyquist
method and Root 1locus method. These methods have been
successfully used to study the effect of only one parameter of
the control system on the system performance. An improvement
over the above methods is the D-partition method. This metﬁod
was presented first by Neimark in 1948, This method can be
‘used to stgdy the effect of two parameters of the control

system on stability and transient performance.

With regard to stability analysis, the method provides

a possibility of defining the relative stability of control
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system as the numbers of roots of characteristic eguation
relative to a specified s-plane contour of a general shave.
The plane with the two adjustable varameters as coordinate
axes 1s termed as 'Parameter Plane'. The parameter plane
method can also be extended in case of non-linear and sample

data system.

Parameter wmapping

The idea of system design is to obtain a simple correla-
tion between the system parameters and the characteristic roots
so that the roots can be set at a desired location by adjusting
the system parameters. This can be done by parameter plane

synthesis method,

The parameter plane method is based on a mappihg
procedure fhat transform points from the comolex s(o, w)
plane on to the parameter 2-8 plane. In the general case, the

mapping function is an nth degree algebric equation

P(S) = k
k=0

where s 1s the complex variable defined by
s = =0+juy,

and a) are the coefficients that ave functions of two real

parameters a and p i.e.
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If to a given pai: of number (ol, wdl) there corres-
ponds a pair of nUmer (dly pl) so- that mapning equation
F(s) = 0 is satisfied, then for ¢, and le the equation has
a root pair s, = =0, + jwdl. Therefore, the defined mapping

can be regarded as a transformation of the points (o, wd) for

the complex s=plane, which represents root values of the

algebraic equation F(s) = 0, to certain points of jarameter
a - B plane. This is referred to as parameter mapping. The
e

NS
<
/

same theory is also applicable for s = -%w_ + jwnyl—é?

n

in (F, w ) plane.

Now, considering the case when two parameters « and p
enter into the characteristic equation linearly so that the

characteristic equation can be reduced to the form,
F(s) = a3(s) + BQ(s) + R(s) =0~ eoo (A1)

Substituting s = -o+jwy in ejuation (A;l) and
scparating real and imaginary parts, results in following
equation.

oS (=o+juwy ) +8A(-o+jug) +R(-otiey) = -0
or uo, vy, ®, B) + jv(o, wy, », 8) =.0 ... (A2)

In order to construct the boundary of the D-partition

‘it is necessary to determine o and g for each Wy by solving

simultaneously the two equations:

eoo (AL3)

i
@]

u(o, wy, ®, 3)

o (AL4)

i
@)

V(O, wd’ Q, -3‘)
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separating terms containing a and 3 results in following

two equations:

it

u(c,wd,ayﬁ) (‘xsl(cﬂﬂd) + SQJ_(G’wd) + Rl(dawd) = 0 .,.(A°5)

0 ...(A.6)

V(O'ywdpa’?ij).: OC:SQ(O',U)d) + ﬂ‘uz(cvwd) + Rz(gcwd)

Solving equations (A.5) and(A.6) with respect of

a and B for each Wy give

"R Q, R, = Q, Ry |
a = - R, Q = L(ALT)
> 9 o e o A
- S & -5, &

S, @

5, - R

S. - R S R. - S.R
5 - 2~ o oy - ‘1’2 (.8)

) S19 = Sy
5, Q
Sy Wy

The equations (A.9) and (A.6) determine one value of
® and one value B as given by equations (A.7) and (A.8) for
each Wy only when these equations are simultaneous and

independent.

If for some value of Wys SAY W, the numerator and
denominator becomes zero, then for this value of Wys the
two equations (A.5) and (A.6) are linearly dependent to each

other and a straight line is obtained instead of a point in
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the @ - P plane, known as spatial line. In this case, either
of the equations (A.5) or (A.6) is the equation of the straight
line when thi; value of Wy is substituted. If the coefficieht
of'the highest term of the characteristic equation depends on
the parameter o and B, then by equating this coefficient to
zero spatial line at Wy = is obtained. Similarly, a spatial
line at wy = 0 is obtained by equating the coefficient of the

lowest (free) term of the characteristic equation to zero.

In order to find the number of roots in the various
region obtained in the parameter plane by the plotted bounda-
fies it is necessary to know whether a root is leaving or
entering the s~plane‘contdur as shown in Figs. (A.1l),(A.2),
(A.3) at the instant that point goes over a boundary in the
pacameter plane. In order to know whether the roots are
leaving or entering the s—?lane contour; the boundary curves
should be ap ropriately shaded. The side of the boundary to

be shaded is determined according to sign of the denominator

Sy Q
A where D= Loy Facing the direction in which wg

52 %
is increasing the boundary curves in the a - g plane are
shaded on the left side if£&> 0 and on the right side if

A< 0. Usually, the curve is traversed twice, once when

wa goes from - to O and next when it changes from O to 4« .,
It is shaded both the times on the same side, as the éign ‘
of /\ changes with change in sign of Wy (/N is an odd function

of wd). After the complex root boundaries are shaded, the
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spatial lines (for Wy # 0 or =) are simply oriented in accor-
dance with the shading of complex boundaries. The shading of
such a spatial 1line must be done twice on the same side as
that on the complex root boundary at their point of inter-
section.. The spatial lines at Wy = O and Wy = @ are also
shaded with this rule but thev dre shaded only once. The root
leaves the contour if it goes from a shaded rogion to the
~unshaded region and enters the contour if it goes from unshaded
to shaded region. After the boundaries are appropriately shaded,
ﬁhe relative number of roots in each bounded region is €asily
determingd. For doing this, firstly the region with makimum
values of roots on the left side in the s-plane is established
by inspection of the plot. For ascertaining stable region a
point in £he region with maximum number of roots is selected
and the stability of the syétem is checked by the Frequency
Scanning Technigue. If the system is stable at this point

then this entire enclosed region i1s also a stable region.

Frequency Scanning Technique (The iikhailov Criterion)

A system is said stable, provided its characteristic

equation

F(s) =ag s + alsn"l + veviee. ta =0 L. (AL9)

where, s = jw

satisfies the following conditions:

(1) F(jw) #0 ,at w =0 -i.e, a, £ 0
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(ii)  The locus of the end points of the vector F(jw), when
w varies from O to «, traverses in succession by ’'n'
quadrants in anti-clock wise manner for an equation of

nth order.

Let the roots of the equation (A.9) be 205 2o ceeiZpe
then provided a = 1, equation (A.9) can be expressed in the

form

F(s) = (s—zl) (3—22) e oo (s—zn)

Substituting s = jw
Flju) = (Ju-zp) (Ju=2p) ooone (ju-z,)

F(jw) constitutes a vector whose modulygs is equal to
the product of the moduli of all the vectorial factors and
whose argument 1is equal to the sum of the arguments of all

the voctorial factors.

- At w = 0, the vector F(jw) has a.pure real value, F(0)
with its arguments equgl to zero. As w is varied from O to‘w,
the angle of term associated with & real root changes by =n/2,
and for each pair of conjugate roots by m. Consequently for
an hth order equation, if all the roots lie on the left hand

side of imaginary axis, the total angle by which F(jw) changes

is equal- to n(mn/2).
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APPENDIX - 3

B.l1 riecasurement of D,C. kiachine Paramcters

The armature resistance Ra of motor is measured by
D.C. voltmeéérnammeter method and is found to be 6.44 ohms.
The impedahce Za of the armaturc¢ is measured at a.c. supply
frequency by voltmeter-ammeter method and is found to be 44,67
ohms. Therefore, armature inductances is 0.140 H. The back

emf constant K, of the motor is obtained by running the machine

b
as a generator at constant field current and is found to be

1.939 Volts/rad/sec.

The d.c. motor is loaded by means of a d.c. generator
(with field oxcitation constant) supplying a fixed resistor.
Therefore, the load torque TL is propotional to the speed W
and the proportionaltity constant B is defined by the equation

TLszm

The viscous friction only increases this proportionality
consiant, For the operating condition used, this proportionalitv
constant (viscous friction constant included in load on the
motor) is determined experimentally and is found  to be

0.0799 iw-m/rad/sec.

The moment of "inertia of the machine together with
load generator is dete;mined by fhe Retardation or Running
down test method. In this method, the machine is run slightly
above the rated speed and then supply is cut-off from the

armature, Consequently the armature slows down and its
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kinetic energy 1s used to meet rotational losses i.e. friction,

windage and iron loss.

(K.E)

Q_IQ
Tt

Loss due to rotation P

ICL

(l

2
§me)

|
o
(_*.

dw

= Jugae

Since w_ = 2nn/60, n 1is motor speed in rev/min.
o dw
n _ 2z dn
anc g = %5 at
v 2Ty 2 an  _ dn
Cor=(EDH% 10§ = 00109 T P

For calculating P, a curve between n and t is
determined.

Average load current during retardation Ia = iLgii4z

I

1.79 A

The time is measured for approximately 5 % drop in
speed i.e. from 210 V to 200 V variation in the armature vol-
tage at fixed field excitation. The tests give following

readings:

(a) Without additional load t = 0.3 sec

(b) With additional load t = 0.2 sec

I

Rotational losses P = P X %“zv
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1]
where, P

losse due to additional load

P =p x -8%:—(—)-—” = op'
Average voltage during retsrdation test = 2&%1299
‘ = 205 V
also P' = Ia Vv
= 1.75 x 205 = 358.75 watts
. P =2 x 358.75 = 717.5 watts

For determination of %%, a graph is plotted between

armature voltage (proportionally to speed) as a function of

’

time as shown in Fig. B.l.

The spexd of the motor n = 1050 rpm
Since 220 V corresponds to 1080 rpm, hence 1V

corresponds to 4.909 rpm.

From graph,
gz = 4 XQ?iQQE = 196,36 rpm/sec
T L
- 0.0109 n (dn/dt)
- I17.5 S
- 0.0109 x 1050 x 196.36
, 2
= 0.3192 Kg-m
J}{a
The mechanical time constant Sl
: m Kb2«
_ 0.3192 x 6.44 = 0.546 sec

(1.935)2 |
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Electrical time constant R is found to to 0.022 sec

or 22 msec.
B.2 wmeasurement of Transducers Gain

(A)  Speed Transducer

" The tachogenerator mounted on the motor
shaft provides the specd feedback signal. The
gain Vw/w is found experimentally from its

definition: ' .

R e

Speed Tachogenerator voltage

— S e QUEPUE
rpm rad/sec Volts
1020 106.81 ~11.5 \
Q70 .lOl,58 11.0
880 92.15 10,0
815 85.38 : 9.0
740 77.49 5.5

A graph is plotted between speed and ‘Tachogenerator
output voltage as shown in Fig. 3.2, The slope of the curve

gives the gain Hm‘

11 ‘8‘2510.0 V/rad/sec

T
il

38 §8<
il

0.1060 volts/rad/sec

Filter time constant = 55 msec



o

(3) Current Transducer

The gain of current transducer is Vi/Ia and

is found from an experiment based on the

definition of the gain: ’
Armature  Output Voltage of current
Current (amps) Transducer (volts)

1.45 - 0.75

2.5 1,45

4,1 2.15

5.5 3.0

6.8 3.6

8.1 A

9.4 5.0

A graph is plotted between Vi and Ia as
shown in Fig. B.3. The slope of the curve

gives the gain Hi“

Vs 4,3 = 1.6
Hl = """'I-}'M = """._"'8"3—':"' V/:imp
a

0.54 V/amp
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APPENDIX - C

DESCRIPTION OF I.C. CHIPS
2.1 ICT741

It is a 8 pin integrated circuit. Pins 1, 5 and 8
are used for compensation. Pin 2 is inverting terminal and
pin 3 is non-inverting terminal., Pins 4 and 7 are for supply.
Pin 7 is for + ve supply and pin 4 is for -ve supply. Pin 6

is for output. The pin connection is shown in Fig. C.1.

.2 IC7h4121

It is a 14 pin integrated circuit. The functional
diagram and function table of the commonly used one-shot

TTL IC74121 are given in Fig. C.2.

C.5 1IC555

The 555 IC timer is a very popular and versatile
integrated-circuit which can be used as an oscillator, pulse
generator, ramp generator, voltage controlled oscillator,
frequency divider, etc. Tihe internal structure of the

timer - is shown in Fig. C.3.

C.4  TC7L08

It is a 14 pin Guad 2-input AND Gate. .The pin

connection is shown in Fig. C.4.
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APPENDIX - D

PROGRAM NO, 1

Aok ok R R R OKOK R OR300 A ROk A ok sk g ok R OR O Ok ok Kk ok R R KR KKk K K
DETERMINATIUN OF THE REGION OF RELATIVE STABILITY
OF CURRENT LOUOP Is THE PLANE OF Td0 PARAMETERS
ALPHA AND BETA WITH THE VARIATION Iy S1GMA

USING D=DECUMPOSITION METHOD

oA AR AR R O A AOKOR R A KR KO R R A KRR R R R R Rk f ok kK R
VARIABLES USED

FEFREERKE R LR K

ALPHA=INVERSE 0OF GAIN K|

BETA=INVERSE OF TIME CONSTANYT TC1

S=COMPLEX FREQUENCY

ALR=CUEFF, OF ALPHA UF REAL EQUATION

ALL=COEFF, OF ALPHA OF LMAGLNARY EQUATTON
BTR=COEFF. NF BETA OF REAL EGUATLON

BTI=CORFF, OF BETA UF IMAGINARY EQUATION
COEFR=CUNSTANT TERM IN REAL £QUATIOw
COEFI=CONSTANT TERM In IMAGLMARY EQUATION
$****m#*¢***#***********$**m*#**#x*****x****##*******#
CUNPLEX §,F1,F2,8F1,8F2,D
F1(SYSA¥XTHM¥HI*(S+B/AJ)/RA

FRO8)=(1 .+ (1. +S*¥TA)X(54B/AJ)FTMI*¥ (1, 45%1CA)
OPEN(UNIT=1,FILE='CURENT,DAY")
READC1,¥)A, TCA, B, 8, TN, RA,TA,HT
PRINT*,A,TCA,B,AJ,TH, KA, YA, HI

SIGMA=0,.C

PO 50 1COUNT=1,8

PRINI 76,SIGHA

PRINT 35 ‘

OHEGAZ0,0

S=CHPLX (SIGMA, DMEGA)

SF2354F2(S)

SF1=8*F1(S)

BLR=REAL(SF2)

ALT=ALIMAG(SF2)

BTR=RCAL(F1(S))



3400
3500
3600
3706
3800
39900
4600
43100
4125
4159
4175
4200
4300
4409
4500
4GC0
4740
4750
480G
49090
5000
5340
5240
530¢
5460
55090
5600
&7a0
5750
5800
5919
HO U
61v0
6240
6300
6400

]

200

70

50

30

76
60

26

WM e

H

BYI=AIMAG(KFI1(8))

COEFR=REAL(SFL)

CUEFI=AIMAG(5FY)

DEN=RTL¥ALR~BTR*ALL

ANUMSBTR*¥COEFI=BYI*COEFR

RoiUM=ALI4CORFR~aTI*CORF ],

IF(DEN HE, 3,60 T0 10

1F (ANUMLNE, 0. )60 TO 200
**t***«*m*******************Q****#*m***#******mﬁ***m**
CALCULATION OF SPATIAL LINE COORDINATES

g A AOR 80K 6 AOR 3ROR R R KRR 8OR A 0K B 0K 30ROk HC 3 R KOOk ok R R KR R KOR K K
PRINT 6¢,0MEGA, ALR,/BIR,COEFR

AL=0,

DO 25 K=1,60

BT== (AL¥BLR+CUEFR) /BRTR

PRINT 26,4L,8T

AL=AL#+2.

ARk O8O R KO K Ok 0 Ok b A OROK KKK R Ok KKK ok R R KKK K K KKK

GO TO 200
ALPHA=ANUH/DEN

BETA=BNUM/DEN

PRINT30,0HEGA, ALPHA,BETA,DEN

LF (UMEGAL,GE.1090,) GO TO 70

OMEGA=OMEGA+2,

GO TU 2¢

IF (UMEGALGE.1,0E5) GU &0 50

OMEGA=OMEGA+200, .

Gu rn 20

SIGHA=SIGMA=,1

FORMAT (4(5X,£12,5))

FUORMAL(SX, 'SIGMA=! ,F5,2/5X, ' s====zsz=3=33))
FORMAT(S5X, 'A SPATIAL LINE EXIST AT THIS  POINT WHERE
OMEGA=',F9,4/58X, 'COEFFPICENT OF ALPHA ='E15,8/5X

SN COEFFICENT OF BETA ='E15.8/5X, 'CUnSTAST ThRM =',
E15.8)

FORMAT(SX, 'AL=",E12,5,5X, 'BT=" ,E12.5)



6450 35 FORMAT(TX,*OMEGA' , 12X, "ALPHA' , 13X, 'BETA' , 14X, 'DENOMINATER'
65uUQ 5TOP
6620 END



-

PROGRAM A0, 2
Ak KK A K KKK KR K R KK R KO koK kK kK K R KR 5K KKK R K Kk ok R K kR OR K
DETHRMINATION OF THE REGION OF RELATIVE STABILITY
OF CORRKNT LOOP IN THE PLANE OF Twd PARAMETERS
ALPHA AND BETA WITH THE VARIATION IN DAMPING RATLO
USING D=DECOMPOSITION METHOD

F A AR AR FOK A K R AORRORRROR KK RO R A 30K KK K R KR ROK KOk %k Kk
VARIABLES USED

¥ %ok Ok Aok K AOK %

ZHI=DAMPTING RATI1O

ALPHA=LNVREKSE OF GAIN K

BETA=INVERSE OF TIME CONSTANT TC1

52COMPLEX FREQUENCY ,

ALR=COEFF, OF ALPHA OF REAL EQUATLO

ALI=COEFF, OF ALPHA OF IMAGINARY SQUATION
BTR=COEFF, OF BETA OF REAL EQUATION

BTI=COEFF, OF BELA OF IMAGINARY EQUATION
COEFR=CUNSTANT TERM IN REAL EQUATIOwW

COEF1=CONSTANT TERM I8 IMAGINARY KQUATION

K KRR KKK R R RO R KRR R R R R R Rk R R R kKRR R KRR
COMPLEX S,F{,F2,SF1,8F2,D

FL(S)=A¥TMXHI* (S+B/AJ)/RA

F20S)=(1o+ (L +SETAIX(S+B/AJIXTM)* (1, +5%¥TCA)
OPER(UNIT=1,FILE="CURENT ,DAT")

READ (1, *)A,TCA,B,Ad, M, RA,TA,HI

PRINT*,A,TCA,B,Ad, TM,RA,TA,HI

ZHl:O.OV

no 50 ICOUNT=1,8

PRINT 76,ZHI

PRINT 35

OMEGA=0 .0

RR==ZHI¥OMEGA

AAZOMEGA*SQRT (1. ~ZHI#ZHI)

S=CAPLX(RR,AA)

SF2=8%F2(8)

SF1=S*F1(3)



1

PLR=REAL(SF2)

ALI=ATMAG(SF2)

BTR=REAL (F1(8))

BYI=AINAG(F1(8))

COEFR=REAL (SF1)

COEFL=ATHMAG (SF1)

DEN=BIIXALR=BTR¥ALT

AHUH=RTRACOEFI~BTLACOEFR

BNUMSALL¥COEFR=RTI*COEFL

IF(DEN.NE.0,)GD T0 10

IFCANUMLNE. 0, ) GO TO 200

A I I I TN
CALCULATI“N UF SPATIAL LINE COORDINATES

K KO F Kok K K R R R SOK R KRR K R KOk Kb SRR R KK KOk %
PRINT 60,0MEGA,ALR,BTR, COEFR

AL=0, »

DO 25 K=1,60

RT==(AL¥ALR+CHEFR) /BTH

PRINT 26,AL,B7

AL=AL+2,

S R AR R RO R OROK ok O R R K ok % KR R K K R K 0K SR R Rk KRR K ok R R R Rk
GO TO 200

BLPHA=ARUN/DEN

RETASBNUN/DEN

PRINT3¢,S5,0MEGA, ALFHA,BETA,DEN

IF(OMEGA.GE.1600,) GO TG 70

OMEGA=UMEGA+2,

GO TO 20

IF (UMEGA.GE.1.0E5) GO T0 §9

OMEGA=SOMEGA+200,

GO TR 20

ZHI=ZHI+ .1

FURHAT(1X,2E12.5,4(5X,E12.5))

FORMAT(5X, 'ZH1=",F5,2/5X, 'sss=szss=s==az")
FURMAT(5X,'A SPATIAL LINE EX1S8T AT THIS PUIRT WHERE
OMEGA=',F9,4/5K, 'COEFFICENT UF ALPHA ='E15.8/5X



26

35

2, 'COEFFICENT OF BETA ='E15.8/5X,'CONSTANT TERM =',
3 E15.8) |
FORMAT(SX, 'AL=",E12.5, 5%, 'A1=",E12,5)
FORRAT(13X, 51, 22X, 'OREGA' , 12X, 'ALPHA Y, 13X, 'BETA', 14X, 'DENORINATER )
S1OP
END



Quiod
40200
00300
0u400G
QU509
0460t
ga7a0
g0800
00949l
01000
01160
01220
SRRV
Gl4ud
01500
1000
91700
vi18ou
ol19ug
Dzﬁuu
0214¢0
42200
§230¢
02400
32500

02600

@]

n O a0 M

14¢

164
15¢

PROGRAM NO,.3

Y2 12228 2 122223 2323333 3 2T 25323TLILT
FREQUENCY SCANNING TECHNIQUE FOR CURRENT LOOP WITH
THE VARITION IM SIGHMA
*********f*****f*****x*#*a**#**#*:*:#****x#*****#*.
COMPLEX §,F1,KF2,8F1,5F2,D

FL(S)=AXTHRHIF (5+8/A0) /RA

F2(8)= (14 (1o +SFTAIX (S+B/AJ)FTH) ¥ (1, +5¥TCA)
OPEN(UNIT=1,FILK="CURENT ,DAT*)
READ(1,*)A,TCA,8,AJ,TH,RA,TA,HI
PRINT®,A,TCA,8,Ad, TH,RA, T4, H1

SIGMA==T,

ALPHA=4,

BETA=12.

PRINT®, ALPHA,HETA

OMEGA=0,

PRINT 140

FORMAT(SX,” OMEGA”,15X,7D")

DO 159 I=1,269

S=CMPLX(5IGMA, OMEGA)
DERALPHAXS¥F2(5) +BETAXFL (5) +5%F1(5)

PRINT 160,0MEGA,D
FORMAT(5X,£12.5,15X,2613.5)

OMEGASOMEGA+, 2

STOP

END



00106
Q02400
0030¢
00460
00500
00600
60700
Q0Bu0
GO9S0y
61006
gii00
01200
013400
01406
€1500
01600
Q1746
Glaou
019404
2G50
02100
G220G
62300
02404
02500
Q2606
02760
02800

164G
150

PROGRAN D, 4

KRR KRR KKK R RN ARk R L E AKX R KRR AR K
FREQUENCY SCANNING TECHNIQUE FOR CURRENT LOOP WITH
THE VARLTION IN DAMPING RATIO
FEEERRRORRRERERR RO R R KRR KRN KRR RN KK
CONPLEX &,F1,F2,5F1,5F2,D
F1(S)SARTH¥HIX(S+B/AJ)/RA

F2(5)2(1a+ (1. +S¥TAIF(S+R/AJIFTHI K (1, +5¥TCA)
GPENC(UNI®=1,FILE='CURENT ,DAT")
READ(1,%)A,TCA,B,Ad,TE, RA,TA, HI
FRINT*,A,TCA,R,AJ,TH, RA,TA,RI

ZHI=0,5

ALPHASA, 0

RETAS12.0

’?RINT*,ALPHA.B&TA_

OHEGA=G,

FRINT 140 A
FORMAT(SX,' OMEGA',15%,'D')

DO 150 I=1,20¢

RR==ZHI¥OMEGA
AASDMEGAKSQRT (1, =ZHI¥ZHI)
3=CHPLX (RR; RA)
D=ALPHAXSXF2(S)+BETAXFL(S)+5¥F1(8)
FRINT 160,0MEGA,D
FURMAT(5X,£12,5,15X,2R13.5)

T OAREGA=UNEGA+2Z,

STOP
ERD
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R
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PROGRAD U5

Ao R AR AR K KOR K OIOR oK R R IO o 3K R O Kk RO R KR R R R R R OR AR R AR KRR KRR
TRECATL T RESPULSE OF CURREST Lok - {TH A STEP CHURRENT REFERE.CE
TARPUY FOR DIFFERFST VALUES OF CURkET COSTRULLER GAXM AMD

WIOE CULSTAT

B R R R R KR KRR R R A K Ok R O A OR B R R OKOR ROk FOR R R OR R KK KRR MO KR B AR R R %
VAR AHLES USED '

BAK X R KRR R OOR R R OR R R R ROKROR R R R R R KRR R AR R KR ROR IR KRR R R R R R A%
WY, e PoaDENT VARTAsLE (LLME)

pr=oisiuel TIhE STEP FOR MUMERICAL INTEGRATIUN

govEL e FER O0F FIRST URDEKR DIFFERENTIAT oQUATIUNS

RS PERtaEER DF STEPS FOR IWTEGRATION

XX=APRAY OF DLelEdSION NEQ WHICH CONTAINS THE CURREGT VALULS Of
SRl VARTARLIS X1,X%X2,X3

F=aw ol UF Y Bedsldin ol WnTCH CONTAINS THE VALUES OF FUNCTIO
CGOPTTSD md TLEE P aY ASUBROUTINE FTw (XA, 0, 8EQ,T) )

YE, Y0, Yk, Yh, =00 dY ARRAYS OF DIKESS10L FEQ

TRF T RRKRFARAORRF R R AR O R AR ARORR R R AR R R R KRR R SRR E R AR Rk k¥ %
DL CRTIOT TV A0590),X0500,3),XXC3),K(3),YIC(3),
LV (3 VE (3D, ku(3),Uu(3)

(T LS 2 S X RS SRS PRI RS LSS ESIT LIRSS FEREFEE S TP RS

L Yitan valbes UF STATE VARTABLES

R P T I AT PP ETFT 2L IS TSR T T P TR T T TS ST ST P S o
N2 LI LA A AT
XX(ty=,,"

XACA =0,

Xariy=s

ion=d

FRTUP=S9

D=,

PRy 33,nT

FOR. av(5X,'07T=",r9.7)
Tﬁ(‘.l?

prI " L.

FGR OAT(2A4, "PRIGT GUT OF SOLUTIOH '//2X,'STEP' ,,3IX,'TINE",
IEX,PA00) 7%, 'X(2) 7%, Xx(33")



30

43y

111

@]

0

fa]

(Y]

1=
PRL 1Y 30,1,T, (XX(J),d=1,HE0)

bl de 1=1,d8TEP

CALL RUsGE (T, D7, g, XX, F, YL, YJd, YK, YL, UU)

w4 (1)="T

Ny 26 J=t,uRQ

XL, J)=RX00)

PRINT 30,1, TTAECL), (X(T,0), 051, iKQ)
FORAAL(2K,T4,FB.6,37)12.5)

COWTINUE
WRITRE(1,312)(X(1,3), PIMECT), =1, NSTRE)
FURZAT(2F10,2)

EcD

ok AR R KR NOR O 30K KRR RSO R OROR R HOR B KRR ¥R R ROR KRR Rk K
SUBROUTINE RUWGH (T, DT, 6EQ, XX, F, Y1, Yd, XK, ¥, 00)
S R K AOr KRR R KRR YOR B ok O KK X R R R R OO R R K
DIMERSTON YX(KEQ),YI(aEW), YK(NEQ) ,YL(HEQD,

10U (WEQ) , XX (FEQ) , F (NEG)

PO 10 Tsi,4E0

HUCE):K)%L,LJ_

CALL FTOOXX,F,NEQ,T)

DL 20 1=1,MEQ

YI(1)=F(1)*¥DT

XN =U0CX)+YT(L) /2,0

TETADT/ 2,9

CALL F¥h (KX, F,NEQ,T)

P 3y I=l,ankQ

VI(L)=F (L) ERT

XX(T)=ducI)4Yd(n) /2,0

CALI. FTa(XX,F,NEW,T)

PO e 1=, 8ER

VA(T)=F (1) *n

XXCD)=CU (I +YK(I)

TP/ 2.0

CALL FT (XX, F, ]84, )

PO 30 I=i, A6



!

YLC1)=F(I)#DT

XXCI)=UT (T 4 (YT (II42. 0%V (1) 42, 0% YK (1) +Y1. (1)) /6.0
RizTUHR.

F..D

R A KRR KON RO KR KR K AR OK b KRR K KKK R KR O X K OK K K
SURRGUTIHE FTa (XX, , MW@, T)

Kok 8 R OOKOR R KRR TR SR OO A A o KR b A K R KK R K
JIMENSTON XXONEQ),F(LEQ)

PR (UNTT=2, DEVICE= 'DSK'  FILE='X1.DAT" )

READC2 , ¥)AK1,TC1, HI, A, TCA, AL, RA

¥C221 .0 '
FOL)=AKLS(VO2=HT¥XX(3))/TC1

VCI=XX (1) +ARI*(VC2-HI*XX(3))

TFVCL,,GY,.9,43VCL1=9,¢0

IF(VCL LT, =9,0)V(1=~9,0

F(2)=AXUCL=XX(2)) /TCA

F(3)=(XX(2)=RA¥XK(3)) /AL

RETURL

R
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30
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PROGRAM NO.6

AR F AR AR R KK R KKK A AR R o KO KRR Ok A FOR KRR R AOKFOR X RO
PLOTTING OF TRANSIENT REAPUNSE FUR CUKREHT LUOP wITH

A STEP CURRENT REFERENCE INPUT

KKK ROROF 8 KR TR 8 KK Ok 08k K R AR K BOF K AR b A R KRR
DIMENSION CURLNT(502),TIHE(502)

OPEG(UNIT=1,0TALOG)

CALL PLUTS(G,,0.,5)
READ(1,10) (CURENY (W), TIME (), J=1,500)

FORMAT(2F10,6)

fIME(SOl):U.

TINE(502)=0, 1

CURENT(501)=¢.0

CURENT(502)=0,25

PO 30 1I=1,2

CALL AXIS(0.,G.,'TLRE',=4,21.,0,,TLAE(S501),TIMEC502))

CALE; AXLS(0.,0., 'CUKRENT' 7,10, ,90v.,CURENT(S01),CURERT(502) )
CONTINUR

CALL LINE(TIME,CURENT,500,1,0,0)

DU 20 J=1,3

CALL SYMBOL(9.0,=2.,0.25,'F16.1,0,,4)

CALL SYMBOL(L1C0,u,3.,0.25, ' GAIN(KL)= 0,250',0.,15)

CHI&{! SI;QBD{S(]-U;“I?;!”IOQZS,"I‘IME CUNS’}’.(’L‘CI): 0.'_11"0.”/,.5)

CONTLMUE

CALL phUT(Q.,U,,"ggg)
S16P
END



pERVE
32en
R IVEY
Uduno
953

06 1g

G700
B¢
B9un
1o v

1idw

1200

1308
1440
1548¢p
1éhu
1739
1844
19490
20u4
2109
2244y
2349
2460
2503
2610
27,
2By
290
300w
3lew
32
133
134y
135u0

'36‘-)6

SO N O O O O G o0 0O 0

Dy OO

L
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PROGRAM NO,7 .
:¥t**:#*¢****x*#***i******xx*t#**z*##*****##*#***#t*#***
DETERHINATION OF THE REGION OF RELATIVE STABILITY

OF SPEFED LOOP IN THE PLANE OF Tw0 PARAMETERS .

ALPHA AsD BETA wlTH THE VARIATIUN IR SIGHA

USIikG D=DECOAPNSITION METHON

R AR R F R R RKRRFEF AR RN DR RRFHFRIKRRIORR R R Rk oo R k¥ %
VARIABLES USED

FELREERFI Gk

ALPHA=INVERSE OF GAIN K2

BETA=INVERSE DF T1ME CONSTANT TC2

S=COMPLEX FREGUENCY

ALR=COEFF, OF ALPHA OF REAL EQUATIONM

AL1=COEFF. OF ALPHA OF IMAGINARY EQUATION

BTR=COEFF, GF BETA UF REAL EQUATI(N

BTI=COEFF, OF BETA OF IMAGINRRY EQUATION

COEFR=CONSTAMT TERM I KEAL EQUATION

COEFL=CUOLSTANT TERA IN I#AGINARY EQUATION

HEKEEERF R R RS R LRI AR R ERNERERFF R AR F R AR SRR E X EFR R KA KRR ¥
COMPLEX 8,F1,F2,5F3,8F4,F3,F4
Fi(S)=AKIFAXTA/RAY (1, +5¥TCLI*¥(54B/A0)
F2(S)=54TCIH(La+ (1. +8%TA) ¥ (S+R/AJ)#TH) ¥ (1, +5¥TCA)

F3(8)=F1(S)¥AKBEH/ AV

F4(S)=(F2(S)+HIFF1(S) ¥ (S+B/AJ) ¥ (1 +5¥TF)
OPEN(UULT=1,FLLES ' SPEED,DAT ')

READ (1, %)A, TCA, By Ad, TH,RA, TA,H1, AKL, TC1, H¥ , AKB, TF
PRIUTH, &, TCA, Bty Ad, TH, RA, TA, HT , BR1,TCL, Hw, AKR, TF
SIGHAZ0.D -

DO 56 1COUNT=1,10

PRINT 76,8IGHE

PRINT 35

OAEGA=D.0

S=CIPLX(SIGRA, DHEGA)

SFA=SHFA(S)

SF3=5%F3(8)

ALR=REAL (SF4)



7 ALI=ATHAG(SF4)

8 . BTR=REAL(F3(5))

919 BTI=ATMAG(F3(S))

Duw COEFR=RFAL (5F3)

1ub) COEFI=AIHAG(SFS)

20y DER=BT1¥ALR=BTRAALI

& BIT AWUNTBTR¥COEFI=RTI¥COEFR

4C0 BuUM=ALI*COEFR=KT1¥COEF]

(590 IF(DENLNE.C,)G0 TO 10

600 TF(ARGHLNE ,0,)G0 T0 200

P A - C 4%*##**4‘-%**#*###************v**'wfi#***************#*****
V8 c . CALCULATION OF SPATIAL LINE CGORDINATES

QLG ¢ S I I I I T I I T I T I T T L I T TI T
B0 PRINT b, OMEGA, ALR,BTR,COEFR |

5500 ALEG.

36 10 DO 25 K=1,60

TG . BT==(AL¥*ALR+COEFR) /BTR

38y ’ PRINT 26,AL,BT

5000 25 AL=AL+1, v

L RV c ARRFER R PR R R RS ORI R R R R R R H KRR AR KR F R R A KR
52" ¢ 60 TO 206

b3 1 10 ALPHASANUK/DEY

H& . RPETA=RLUK/DEH

65U PRINT3G,OMEGA, ALPHA,BETA, DEN

bhL 200 IF(OMEGA.GE.1006,)60 T0 70

6700 0HEGASOMEGA+2, 00

68 1y co 10 o

69:9 7 IF(OMEGA,GEL1,0E5) GO TO 50

Tos o DHEGAZOHEGA+200.

7400 GO D 20

7245 ¢ SIG-A=SIGHA~D, 1

73,5 30 FURAAT(4(5X,E12,5))

740 35 FORGAT(TX, "OMEGA', 13X, "ALPHA' , 14X, 'BETA', 14X, ' DENOMINATER ')
75¢ 76 FOR/AT(5X,'SIGMAS' ,K5,2/5X, |s==css=sszs=xl) ‘

75 Ly 26 FORE AT (5X, 'ALE',£12.5,5X, 'AT=1,E12.5)
7520 60 FORMAT(5X,'A SPATIAL LINE EXIST AT THIS POINT WHERE



15 40 1 ONEGA=',F9.4/5X, 'CUEFFICENT OF ALPHA ='E15,8/5X

156G 2 COEFFICENT OF BETA ='f{5,8/5X, 'COKSTANY TERM =1,
1S58v 3 E15.8) )
1639 go¢ STOP

1730 END
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PROGRAM N0, B

BRRARKKE SR SR KR FHAHRKFF R AR F RN 5 K5 b KR A ACKROR % £ K57 X
T2TARATGATION QF THS REGILOW UF RRLATIVE STABILITY

gfF 3PceED LOOP IJ Thr PLARY, OF T49O PARAaFTERS

ALPHA AMD BeTA <ITH THE VARIATIOr In DANPIANG RALIG

JSIaG D=LRCOAPOSITIUA METHUD

T T LI P TPy E et ey e e S P e PEEE LT S
VARIABLES USEL

AERAKESANKRERER

ALPHA=IAVERSE OF GALs K72

BETA=INVARSS OF TIine COUSTA.YL TC2

S=COMPLEX FREQITHCY

ALR=COEFE, OF AuPHA OF REAL EQUATIUN

ALI=COEFF. OF ALPHA JF TAAGIWARY ®ulaTIgdg

BTR=CUEFF, UF 4lTA OF REAL JUUATIOW

API=CORFE, OF BETA uUF ISAGLIARY ZOUATION
CORFR=COJSTANT TirM Lo REAL EUUALIONL .
COEFI=CUNSTANT TeERA T4 THAAGLEARY RQUATIOW ,
RERAOK AR KR LR E KRR E R ERF R RR IR AR R RRKH RS RRHLREFFHER
COMPLEX $,F1,F2,SF3,8F4,F3,F4 '
FLI(S)SAKIXAXTIA/RAR (L. +8%¥TCL)I#(S+8/Ad)

FROS)=SFUCIH (Lo + (1. +E3FTRYX(SHR/AVIFT )% (L. +8*TCA)
F3(S)=FL(S)¥AKAFHAZAJ
Fa(8)=(FRCE)+HI¥FLIS)I*(S+B/AJIR (1, +8%TF)
OPRL(UHTIT=1, FILR='SPEED,DAT")

READCL,*)A, TCaA,8,Ad,Tr,RA,TA,HI ,AKL, TCL , H¥, AKH , TF
PRTGTH,A,TCA, P, AJ, T, RA,TA, 0L, ARL,TCL H%, 8K, TF

PRI R-2V I '

B0 850 ICOUNT=1,10

PRINT 76,ZHI

PRY P 33
DIEGAT s, 0 .

RR==Z2AL%UHEGA
AASOMEGAXSQRT (Y, =~ZHI*ZHY)
53CHPLK (KR, AA)
SF4zS¥F4(3)



SF3=5%F3(S)
ALR=REAL(SE4)
ALI=ATNMAG(SF4)
BIREREALIF3(S))
ATI=SAIMAG(F3(5))
COEFR=REAL(SF3)
COEFI=ALAAG(SF3)
DENSBTI¥ALR=bLTR*ALIL
AnUA=BTR*CORFI=BTI*COKFR
3uUil=aLIXCOLFR=BTINCOEF L
IF(DENNE,DIGU 1D 14
IF(antIM.HE,L,)G0 TO 209

R E R R KA KR R RIOREF RNk kAR R e Rk KRR R F AN e kR E
CALCULATION OF SPATIAL LI:H&E COORDIMATES
R ERRRKFRAR KR AR R ROR R R A AR RN E AR RREK KRR KBRS REF

PRINT 60,0MEGA,ALk,BTR,COEFR
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]

LS B OV
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o

L

o

ﬁ.h:ﬁ »

‘DO 2% K=1,60

Er== (AL¥ALR+COEFR)/#TR
PRIHT 20,AL,BT
AL=hAli+l.

R RREFEE RN KRR R KRR R R R AR KRR F R KRR AR R AR KRR R P F R EF

G T4 2u0
AuPHA=ATUM/DEN
PETA=RNUN/DEN

PRIWT34, U EGh, ALPHA, BETA, DEN
1F (UHEGALGE. 1u00,)60 T0 70

0-BEGA=0EGA+2,.00
Ga Tu 24

IF(UnGALGE. 1. BES) GU TO S0

U, EGA=UREGR+200,

GO TO 2
ZAY=Zi{1+06,}
FOR.AT(4(5X,E12,5))

FORPAT(TX, 'OMEGA' , 13X, ' ALPHA®
FORSAT(SX, 'ZHIS $5.2/5%, "

14X, VHETAY , 14K, ' DENIAIRAT MR )

e ———
T - % o —



FORAAT(SX, "AL=" ,E12,5,5X,'BT="! ,E12.5)

FURSAT(5X,'A SPATIAL LT4E EXIST At THIS POIGT WHERE
QAEGA=" ,FY,4/5K, 'CUEFFICENTY OF ALPHA ='©15,8/5X
,COGEFFICENT OF BETA ='D15.8/5X,'CUaSTALT TER4 =1,
£15.8) “

s¥Op

END -



1100
1200
1300
1440
1500
1600
610
1629
363¢
16490
36590
266¢
1678
12460
1300
1409
1560
1600
1704
1BOG
1904
2200
2300
24400
2549¢
2600
2700
28040

OMN O NN

149

160
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PROGRAM NO,.9

ERREFER KRR AR KRR KRS F R R RO RR A KRR R R E RN KRR R F
FREQUENCY SCANNING TECHNIQUE FOR SPEED LOOP WITH
THE VARITION IN SIGHA
#*******#********************#***#****#***********
COMPLEX S,F1,F2,SF3,5F4,F3,F4,D
F1(S)=AK1¥AXTM/RA% (1, +S*¥TCL)%(S+B/AJ)
FZ(S)SS¥TCLIK (L, +(1a+S¥TAYK(5+B/AJ)RTI) % (1, +8%TCA)
FI(S)=F1(S) *AKR¥H/AJ |
FA(S5)=(F2(5) +HI*F1(S)) X (S+B/AJ) ¥ (1, +5¥TF)
OPEN(UNLT=1,FILE="SPEED.DAT") |
READ(1,%)A,TCA,B,Ad,TH,RA, TA,HI,AK1,TCL, Hil , AKB, TF
PRINT#,A,TCA,B,Ad, TH,RA, TA, HT, AKL, TC1, H¥, AKB, TF
SIGHA==0,H

ALPHAZ1.0

BETASE,5

PRINT*, ALPHA,BETA

OHEGA=0,

PRINT 140

FORMAT(5X%,” OHMEGA",15X, D")

PO 150 1=1,206

S=CHPLX (SIGHA,OMEGA)
DEALPHARSKFA () +BETAXE 3 (S) +5%F3 (5)

PRINT 160 ,0MEGA,D

FORMAT (5X,E12.5,15X,2E13.5)

OMEGAZUMEGA+, 2

STOP

END
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140

160
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PROGRAM NO,10

R R R R R R AT R I R EF KRR AR E K F RN RR R EF L p
FREQUENCY SCANNING TECHHNIOUE FOR SPEED LOGP wITH
THE VARITION IN DAMPIHG RATID

EREFAAF KRR RREFRRRR R R R R R RR KRR E R F kR R KK %
COMPLEX 5,F1,F2,SF3,8F4,F3,F4,D
F1(8)=AKI*AXTH/RAX(1,+5%TCL)*(5+B/AJ)
F2(8)=8%TC1Xx (1,4 (1.+S¥TA)¥(S+B/AJI¥TH)* (1, +5%¥TCR)
FI(S)=F1(3)¥AKB¥HW/AJ
F4(S)=(F2(S)+HIRF1(3) ) ¥ (S+B/AJI*(1,+S*TF)
QPEN(UNIT=] ,FILES’SPEEDLDAT )
READ(C1,*)A,TCA,B,AJd,TN,RA, TR, HY,AKL,TC1,H4,BKR,TF
PRINT*,A,TCA,B,AJ,TY, RA,TA,HY, KL, TCL,HKW,AKE,TF
ZHI=0,7 ‘
ALPHA=I,

EETA=0.5

PRINT*,ALPHA,BETA

QHEGA=G,

PRINT 140

FORMAT(5X," OMEGA’,15X,°D")

DO 158 I=1,2G9

RR==ZHI*OHKEGA

AA=OMEGA¥SQRT (1. =ZHI¥Z2HI)

S=CHPLX(RR,AR)

D=ALPHA*S¥F4(8)+BETAXF3(8)+5%F3(5)

PRINT 160,0MEGA,D

FORMAT(5X,E12.5,15X,2E13.5)

OMEGA=0OMEGA+.2

sT0P

END
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33

PROGRAM N0,.11

R AR R KRR AR R R RS AR R R R kR kR KKk KRR KR AR A R R KX
TRANSLEST RESPONSE 0OF SPRED LOOP &ITH A STEP SPEED REFERENCE

INPUT FOR DIFFERENT VALUES OF SPRED CONTROLLER GAIN AND

. TI¥F COMSTANT

****t*#4##*###**#****#*#*#*#**»*#x**#*f:##x¥*******#*#i#******#***
VARIARL#S USED

Bk F KRR AR RRR R K K KRR IOR R R TR R KRR KRR AR KRR ROR R R KK K EF KR FH AR K
T=T.DEFEADEST VARIARLE (TIME)

DT=PeSIRRD TISE STEP FOR NUMERICAL INTEGRATION

LeQ@=VUUARR OF FIRST ORDER DIFFERENTIAL EQUATIONS

NS1EP=.UABER OF STEPS-FOR INIFGRATION

XX=ARRAY OF DIMENSION NEQ WHICH CONTAINS THE CURRENT VALUES OF
STATE VARIABLES X1,X2,X3

F=ARRAY OF DIAFNSION HEG WHICH CONTAINS THE VALUES OF FUNCTIO.
CONPUTED AT TIME T &Y ASUBROUTIAFR FTu(XX,F,HEQ,T)
YI,YJ,YK,YL,UUSDPUKMY ARRAYS OF DIKRENSION LEQ

O F AR R R AR F AR R R R AR F RN KRR AR R AR AR F AR R Rk FNR L F R R REEh K
DIKENSION TIME(2586),X(2500,6) ,XX(6),F(6),YI(6),

1YJ(6),YK(6) ,YL(6),UU(H)

OPEH (UnlI=1,FILES'PA,DAT')

XX(1)=8.5

XX(2)=0.9

XX(3)=0,0

XX(4)=0,0 ‘

XX(3)=0,9

XX(6)=G,0

NEQ=6

MSTEP=250

NT=,0049
PRINT 33,NT

FOKAT(SX, 'DT=",F9,7)

T=0.,6.

PRILT 10

FORMAT(2X, "PRINT QUT OF SOLUTIOH '//7X,'STEP',3X,'TIME',

15X, XLV TX,PXC2) 7K, X(3)!, 7K, P XC4 X, X (5) !, TX, ' X(6) ")



21

3u
4

111

g

1¢

1=5
PRIANT 3G,1,7,(XX(J),J=1,HEQ)
DO 40 I=1,NSTEP
CALL RUVGE (T,DT,nkQ,XX,F,YI,¥YJ,YK,YL,UU)
TIrA()=T
DU 20 J=1,MNEQ
X(T,J)=XX00)
PRIMYT 30,I,TIMECI),X(I,5)
FURFAT(2X,14,F8,6,E12.5)

COaTIAUER

dRITRCL, 811 (X(L,5),TIME(CT), =1 ,NBTEP)
FURAAT(2FL0.6)

FAD

FRERFAIRREEREKH R RA AR E R KR AR RAR KRR KRR RE R KK
SUBROUTTLINE RUNGEC(T,DT, NEQ, XX, F, YL, YJ, YK, YL, Ul
REFERERRRIRR AR R EH IR G R AR AT RS R R KRR R F R HE A
DIXENSION YI(NEQ),YJ(NEQ) ,YK(FED)  YL(UER),
1HUCHEQ) (XX (HEQ) ,F(HEQ)

Pa 10 I=1,NEG

BU(I)=XX(1)

CALL FTN(XX,F,NEQ,T)

oo 59 I=s1,NEQ

YI(L)=F(L)*DT

AX(L)=Uu(D)+YI(I)/2.¢

T=T+DY/2,0

- CALL FTd (XX,F,NEQ,T)

ng 39 I=s1,NCQ
YWL)=F (1) *nT
XX(ID)=u()+YJ(1)/2,0
CALL FTu(XX,F,NEQ,T)
DG 80 I=1,n8E0
YA(L)FF (L) #0T
XXCLY=UUCDY+YRCD)
T=T+DT/249

CALL FTI!(XX,F,NFQ,T)
Do 90 (=1,nNEQ



9v

VL(I)=F(I)*DT
XXCI)=UU(Id+(YI(I)+2,0%YJ(1)+2.0¥YK(L)+YL(1))/6.0
RETURS

[ .

FAFAAKREREAL R RRERAKA IR SRR KRR KRR KRR KK F Rk F
SURRGUTIKE FTu(XX,F,NEQ,T)

BAN AAARRER TR PR AR MR KR KRR SRR F R R RE R X
DILEASTIUN XX(NEQ) ,F(NEQ)

QPr. (LJATIT=2,DEVICK='DSK! ,FILE="'PX1.DAT')
FEAD(2,¥)YAKL,TCL, 1, A, TCA, AL RA,AJ, B, AKB, W% ,TF ,AK2,1C2
Vg=12,.9

VC1=XA(2)TAKLR(VC2=HI*XX(4))
IF(VCL.6T,.9,.0)VCL=9,0

IE(VCL, LT =9,0)VC1==9,10

VC2=XX (1) +AK2¥ (VR=XX(6))

IF(VCL, LT, ~4,0) VC2=-4,0

TF(VC2,GT.4.0) VC2=4,0

F{1)=AK2/TC2E(VR=XX (1))
F(2)=AR1/TCL¥(VC2=HI*XX(4))
F(3)=(A¥VCL1=-XX(3))/TCA
FA)=(XX(3)=RA¥XX(4)~AKB¥XX (D)) /AL
FIS)=(AKEFXX(4)=B%XX(5))/ad
F(6)=(Ha*¥XX(3)=XX(6))/TF

RETURW '

E4D
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PROGRAM HUL12

KRR R R R R R KR R r R KRR R R RN K SRR TR LR R KRS FRFR YRR ¥
PLOTTING OF TRANSIBEWT RESPONSE OF GPEED Lule wITd

A STEP SPeid REFEREACE Yurdl

FRARK AR R R KR KRR GRS A KR AR R F S F R E R AR SRR R R R R4 5
DIMEWSION SPERD(2002),TIME(2002)

OPEN(UNIT=1,0IALOG)

READ (1,23)(SPE&D(J),TIAEGD) ,J=1,2000)

FORIAT(Z2F1U.6)

CALL PLUOTS(¢,,%8.,5)

TIAE(2301)=0.

TLAE(2002)=50,.4

SPEEn(2uG1) =0, -

SPEED(20U2)=0.8

Do 39 I=1,2

CALL AXIS(0.,0., TI4E (SKCONDS)",=14,25.,0.,TIHE(2001),T1AL(2002))
CALL AXIS{0., 0., SPrED (RPS)7,11,15,,9v.,5PRED(2091),8PRED(2002))

COSTINUE

CELL LIJEUTIME,SPEED,2000,1,0,0)

no 24 J=1,3

CALL SYVHOL(1Z24,=24,0.25, FIG.",0.,4)

CALL SY“80L(15,,6.,0.725,7GAIN (RZ)= €,8137,0.,106)

CALL SYonuL(d5.,5.,0,25, YIHE CUaST.(TC2)= 2.u§u',u.,23)
CunTLnuE

CALL PLIT(G.,4.,-999)

STOP

[y
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'
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PROGRAM 1'0,13
KK E IR KR E SRR KRR KRR KRR R R KR TR KSR KRR AR A E R KRR AR AR F 5 ¥
CALCULATIUN OF AVERAGE CIRCULATING CURRENT WITH VARITION

IN fRIGGER ALGLE AT DIFFERENT REACTOR IMDUCTANCE

R R R AN N R A SRR R Rk R R AR R KT A RS R ek ARk Rk ARk 4 x %
VARIBRLLES USED

KEXERANE XK IR KK ,

ALPHAL ,ALPHA2=FIRIANG ANGLES IN DEGREE OF CONVERTERS
ALEADY,ALRANZ=FIRLIG ANGLES IN RADIAN 0F CONVERTERS

Vh=sUPPLY VOLTAGE(RYS)

FQ=SUPPLY FREWUENCY(HZ)

AL=REACTUR THDUCTANCE

AVGIC=AVERAGE CIRCULATING CURRENT

Rk R AR K AR R A R R R RS AR E R R E R R AR KR R R SRR R R A Rk
OPEJ (HUIT=1 , DEVICE='NSK! , FILE="CCCLDAT!)

DATA VN, FO/400 0,58 0/

PRI(T*, Vit, F()

PI=3,1415927

AL=1,0 d

Do 56 I=1,3

PRINT 4,Al

PRINT B

COLST=2 (RZEA2TIXVM/ (2 ¥PIXPIXFURAL)

ALPHARLI=D,

DO &3 JK=1,181

ALRADLI=ALPRALX*PI/ 180,

IF(ALPHAL.GT,99,) GO TO 30

AVGIC=CORST* (~ALRADI*COS(ALRADL)+SIN(ALRADLY)

GO 7O 69

ALPHRZ=180,=ALPHAL

ALRIDZ2=ALPHAZ¥PI/150,

AVGIC=CONSTH (=ALRAD2*COSCALRADZ) +8IN(ALRADZ))

PRINT 20,ALPHAL,AVGIC

WRITE(L,25)ALPHAL, AVGIC

BLPHAL=ALPHAL41,0

PRINT &
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PROGRAM NG, 14

FERREHEOR R R R R RRR OO ORRR R KRR R Rk
PLOTTING OF CIRCULATING CURREMNT

HoR KRR KRR F R K KRR R KR AR K AR R R KRR OR R ROOR R R KR ROk K

DIMENSION CURENT(183),DEGREE(183)

OPENC(UNIT=1,DIALOG)

CALL PLOTS(0.,0.,5)

DEGREE(182) =0,

DEGREE(183)=9,0

CURENT(182)=0.0

CURENT(183)=6.075

DO 30 I=1,2 ,

CALL AXIS(0.,0.,°FIRING ANGLE ALPHAl (DEGREES)’,

-29,21.,9.,DEGREE(132),DEGREE(183))

CALL AXIS(0,,0,,”AVERAGE CIRCULATING CURRENT (IC)”,
32,20.,90.,CURENT(182),CURENT(183)) -

CONTINUE '

PO 22 KI=i,3

READ(1,29) (DEGREE (J), CURENT(J),J=1,181)

FORMAT(2F10.6)

CALL LIE"JEL_DEGREE,CURFJY‘JT, 181,1,0,0)

CALL PLOT(0.8,0.,=3)

CONTINUE

DO 24 J=1,3

CALL SYMBOL(9.0,-2.,0425,°FIG.",0.,4)

CALL SYMBOL(15.,15.,0,25,°L=1,0H",0,,6)

CALL SYMBOL(15,,14.,0.25,°L=1.5H",0.,6)

CALL SYMROL(15.,13.,0.25,L=2.0H",0,,6)

CONTINUE

CALL PLOT(04.,0.,=999)
STOP

END
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