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ABSTRACT

This dissertation deals with the experimental and theore-
tical studies on a Microprocessor based Chopper fed Closed

Loop DC Drive system.

The separately excited DC Motor is fed'by a single gquadrant
current cummutated chopper. The_closed'loép control is achieved
by incorporating an inner current loop and an outer speed loop.
The control scheme is based on INTEL 8085 Microprocessor. The
theoretical studies are conducted by simulating the drive system
on a DEC 2050 Computer and the results obtained are verified

experimentally.

_Chapter 1 consists of Introduction, Chapter 2 the litera-
ture review. Chapter 3 bring out the analysis and design of
power circuit along with waveforms. Chapter 4 deals with the
control scheme implementation by the microprocessor. Chapter 5
consists of Simulation studies to design the controllers.
Chapter 6 gives the experimental results of the drive system
and Chapter 7 gives the conclusions together with the suggestions

to improve the performance.
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CHAPTER - 1

INTRODUCTION

1.1 Necessity of Variable Speed Drives in Industry [1]

Many industrial drives and processes need to be run
at different speeds to suit different application needs
e.g. subway cars, trolley buses or battery driven vehicles,
printing press etc, The variation 6f speed of these drives

means variation of either input voltage or current.
1.2 Choice of d.c. machine as a Variable Speed Drive [2]

A d.c. machine has the following advantages over

that of an a.c. machine. They are:-

1. D.C. machine is most versatile in speed control, i.e.
both speed control upto base speed (by armature control)
and above the base speed (by field control) are possible

with relative ease.

2. Operation in all the four quadrants is possible

with relatively simple solid state control.

3. Variation of 'torque—Speed characteristics for
both motoring and regenerative modes in either forward

or reverse direction is possible.

4. Relatively easy methods are available for braking

(both dynamic and regenerative) to stop the machine quickly .



However, it has some disadvantages, namely:-

1.” Less power/weight ratio; and
2. Cdmmutatjon difficulties at higher voltages and

currents.,
1.3 Source of variable d.c. Voltage for the Drive

owing to their wvarious advantages such as minimum
maintenance, less/ bulk and weight, higher efficiency, faster
time response etc. the solid state devices have almost
replaced the conventional ones (MG set and Mercury -arc
rectifier) to obtain variable d.c. either from fixed d.c
voltage source (Choppers) or from a.c. source (phase controlled

converters).

The dc to dc converter or chopper as it is popularly
known has certain distinct advantages over phase coitrolled

converts namely:-

1. The region of discontinuous operation can be reduced

with a chopper control by increasing thé frequency of chopper.

2. The ratic of peak to average and RMS to average
motor currents as a function of speed is less in a chopper
circuit than 1in phase controlled converter circuit. Also
that the reduction in peak value bf current increases commuta-~
tion capability and decrease in RMS motor current deéreases

the heating of motor.

3. Associated components for firing circuit are fewer

for chopper than for phase contrcl.



4. Phase controlled converters have poor supply p.f.
especially at large delay angles together with generation

of considerable amount of harmonics in the line.

5. With higher chopping frequency the response time

of drive is smaller.
However, choppers have some disadvantages, such as:-
1. Additional forced commutation circuits are to be used.

2. Special thyristors (inverter grade), have to be

used at high frequency operation.
1.4 Principle of Operétion of Chopper Circuit

Thyristorised chopper in dc circuits work analogously
as continuously variable turn transformer in ac circuits.
The average voltage applied to a 1load can be varied by
.introduction of one or more chopper in betWeen load and
a .constant dc source. Basically it 1is an electronic' switch‘
that connects to and disconnects the load from a constant
input supply voltage as illustrated .in Fig. 1. During the

period T the chopper is ON and hence the supply terminals

ON '/
are connected to 1load. During OFF period, the chopper is
turned off and current free wheels through the diode FWD

and hence the load terminals are virtually short circuited.

The a&average or chopped dc voltage thus produced 1is

given as:-
T
Ej = E _ON
Ton * Torr
o Ton
_ET_
CH
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where,
TCH = TON + TOFF = Chopper period

/ = Duty cycle

= Ton'"ch
The output is usually controlled [3] either by using Time Ratio
Control (TRC) or by using current limit control (CLC). In TRC
the TON or TOFF is adjusted. The chopper may then be operated.
either in fixed frequency (PWM) or as variable frequency (FM)
mode. In CLC, the 1load current is restricted between certain
specified maximum and minimum values. Although both the schemes

have relative merits and demerits, PWM method is preferred

since FM has following disadvantages:-
1. The frequency has to be varied over a wide range to
provide the full output voltage range.

2. Filter design for FM is complex.
3. The possibility of interference with communication

lines.
4. The large OFF time at low output voltage may result
in discontinuous armature current.

1.5 Classification of Chopper Circuits

The classification is based upon:-
a) The output voltage waveform and
b) The quadrant of operation.

a) According to the output voltage waveform, the chopper cir-

cuits are classified as [4]



(i) Load independent chopper in which the output voltage
waveform 1s approximately rectangular and the charging current

of commutating capacitor is independent of the load and

(ii) The load dependent chopper in which the commutating
capacitor is charged by the load current, In this case the
current is approximated as Trapezoidal in waveform. This type
is widely used in industry due to their significant advantage
of increasing commutation <capability with increase in 1load

current in presence of source inductance.

b) The choppers classified on the basis of their operation
in a particular quadrant, e.g. single, Two or Four quadrant

chopper.

Although each <c¢ircuit 1is . meant for specific purpose,
the 1lst quadrant chopper is simpler and satisfy wide variety

of application and hence is used here.

1.6 Digital Control and its Advantages

The drive control in closed loop 1s generally used to
match certain drive-load characteristics. Such a control could
be either analog or digital. With the capability of semi-conduc-
tor inductry £o produce chips that could perform complex func-
tions [5] and‘at the same time flexible enough to be adopted
to several applications have brought tremendous change in power
and control industry. Microprocesor-INTEL 8085 1is one such
chip and is used here for our purpose. Such a digital control
has numerous advantages over the analog control and they are

[6].



1. There is no inherent nonlinearity in the speed trans-

ducer and the response is fast. .

2. The digital signal (representing either speed or
current) could be transmitted over a long distance without

any degeneration.

3. The accuracy of digital system is not affected by

aging, temperature variation and extraneous disturbances.
4. Suitable circuit design eliminates noise.

5. Very high accuracy such as * 0.003 percent of steady
state value could be achieved compared to * 0.5 percent as

achieved in analog systems.

In lieu of the points mentioned above, a Microprocessor
based system 1is expected to give superior performance such

as high accuracy, quick response etc.



CHAPTER - 2

2.1 Literature Review

When a Microprocessor based chopper fed closed loop dc
drive system is to be designed, analysed and testéd, it is essen-
tial to know the facts from fhe experience of the past research
work. The various investigators have in detail, studied, ana-
lysed, designed and simulated such a drive system and the view

points of some of them are given below,

Irie et él [7] while studying the operating characteristics
of a separately excited dc motor fed by a rectangular wave
chopper, have shown the possibility of discontinuous conduction
of armature current. Hence in order to analyse such a system,
it 1is essential to accurately represent the system and then

derive its transfer function.

E AParrish et al [8] have represented the thyristorised
power source by a sample and hold c%rcdit and there after have
analysed it using z transforms. Nevertheless 2z transforms re-
quires greatly complicated mathematical processing and not

sultable for interrupted armature current.

- Nitta et al [9] have represented the thyristorised power
source by a continuous equivalent system assuming that the
input disturbance is small. While their methods 5ave many
advantages, the electrical time constént is neglected\ and

the physical meaning of the equivalent system is not so clear.




When the.system has very small mechanical time constant
‘of the order of 10 msec, as it 1is in the ,case of dc servo
motor,  electrical time constants cannot be neglected. N Matsui
et al [10] have analysed the behaviour of the machine taking
into account electricél time constant and the case of interrupted
armature current. They have suggested that it 1is absolutely
necessary to keep the armature current uninterrupted and this

could be achieved by:-

l. inserting a reactor in the armature circuit or

2. increasing the frequency of chopper.

For the first casé of increasing the inductance of armature
circuit, Naik et al [ll] have investigated the effect of induc-
tance on the performance of the chopper fed motor and have
shown that the large value of inductance deteriorates the
transient respoﬁse of the motor. Therefore, it 1s desirable
that the value of inductance should be just sufficient to
eliminate discontinuous current and keep the ripple current
within limits. They have estimated its critical value to elimi-
nate discontinous operation . for a load dependent chopper which
has become very significant category of dc choppers with their

ability to improve commutation with increase of load current.

While considering the case of increasing the frequency
of chopper, it is to be remembered that, éuch a system is exten-
sively used for electric traction work and wherein the electric
rajl road signalling are operated by sharing the traction
control systems with the track circuit., Hence it 1S very essen-

tial to provide coordinating means to prevent ac current compo-
. 4
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nents generated by dc chopper -intefering telecommunication
or causihg safety device malfunction. T. Jinzeniji et al [12]
have ‘'developed a polyphase multi superimposed connection
in which several switching thyristbrs are connected in parallel
and this type sufficiently cbmpensates for 1increasing the
frequency and increase in power demand. They have also éhown
that such a two phase double superimposed auxiliary impulse
commutated chopper has fascinating ;haracteristjcs for electric
traction. As the prior charge turn over in the commutating
capacitor could be precluded, the commutation energy consumption
could be minimized. This also reduces the bulk of commutating
components, noise level. In such a chopper the main thyristor

could be turned off immediately after the turn on, thus

achieving low voltage levels.

William Mc Murray [13! has carried out a comparative
study of different commutation circuits in DC choppers and
has shown that the major art in circuit design is selecting
the most suitable <configuration for the given application,
particularly the 1location of inductances. He has carried
out computer aided analys;s and optimization techniques
to several chopper circuits and has shown that the best
arrangement has the inductances in the path éommon to both
the thyristors. When one of the thyristors has an antiparallel
diode, there i1s generally an optimum value of inductance
which vyields maximum turn off time and if no such diode
is used, the maximum turn off time is achieved when the

inductance is zero.
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Ih a conventional current commutated <chopper circuit
having én antiparallel diode the commutation is achieved
by applying reverse voltage across the thyristor whenever
the capacitor charges or discharges resulting in very high
commutating current pulse through the capacitor and as the
frequency of operation of <chopper increases, the size of
the commutating elements L&C also increases and commutation
becomes difficult, commutation loss increases and efficiency
bécomes low. Keiju et al [14] have developed new scheme
known as the time division commutation in which the commutating
thyristor works alternately and the commutating current
is suppressed by a saturable ‘reactor. The new circuilt .has
the advantages such as reduction in the capacity of commutating
condenser, thyristors and to less than 27%, reduction 1in
the commutating period of around 25 KHz as against 13 KHz
in the conventional increase in the number df diodes and
thyristors, high capacity saturable commutating transformer

and reduction in the period or frequency at light loads.

The drive system is often operated in closed 1loop
tc achieve superior performan?e. T Krishnan and B Ramaswamy [15]
have described the design, <construction and testing of a
thyristorised speed control unit for a separately excited
dc motor fed by a six pulse fully controlled thyristor bridge.
A speed loop with a PI controller maintains the desired
speed irrespective of the wvariation in 1load on the motor.
An inner current loop protects the thyristors from over

currents. This loop also provides fast response over—-coming
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the effects of disturbances such as variations in supply
voltage. The design aspects of the control loops are discussed

and the experimental results are given.

The microprocessor (pp) control is basically used
to achjeve highest possible accuracy of the drive system.
Due to thejr 1limitations, the maximum steady state accuracy
realized in analog system for rated load, temperature variation
and speed range is about * 0.5% of the top speed. When there is a
demand for very high accuracy of the order of * 0.03% of
the top speed with a good dynamic performance (as it is
in the case of paper mill 'application), digital system 1is
the only alternative. Many researchers have aimed at achieving
this task. Finally the ©problem reduces to how accurately
the actual speed is measured and how fast the error in speed
is compensated in closed loop. Some of the methods for accurate

measurement of speed are:-

(a) by <calculating the reciprocal of the time between
two consecutive speed encoder (digitai Tacho) pulses - which

means slow measurement time at low speeds,

(b) to count tacho pulsets over a fixed sampling interval,
which means that sampling time has to be large enough to

measure speed accurately, and

(c) by means of Phase Locked Loops - which have limited

stable operating range.

R.R. Sule et al [16] have developed a system for very

high accuracy drives using a 280 microprocessor achieving
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an accuracy of * 0.025% of the top speed. In this drive
an optipal pulse tachogenerator coupled to the dc motor
with an 'inbuilt amplifier ©provides a pulse train output,
the fregquency (fT ) being proportional to the actual speed
of the motor. The actual speed is computed from the speed
feed Dback fT accurately and updated with a time constant

of 8 ms throughout the speed range. The reference speed

was set by means of thumb wheel switches.

In another study of high speed accuracy drive system,
the paper authored by E.S.N. Pfasad et al [1l7]) presents
a Dual mode system fbr a chopper fed D.C. drive system with
Phase Locked Loop (PLL) regulation and have shown that such

a system combined the ‘fast transient response and unlimited

et

ock range capabilities of proportional system with the

high speed accuracy of PLL.

W.G. Dunford and S.B. Dewan [18] have devised a procedure
for writing program to produce <control signals for a th
- quadrant chopper based on M6800 pp; They have shown that
minimum hardware 1is required in addition to the basic Hp
system for implementation of the program. The 1listing of

flow chart and program are given.

Kenneth et al (19] have derived a new method of current
control <called Interventionalist one which 'normally operates
in speed control mode, the current 1limjter taking control
only after the current has exceeded a threshold value. The

speed response is high. This technique can be easily applied
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to small hp motors where current overshoot is not of serious
concern.* It reduces the complexity of two loop system and
avoids any possible restriction of speed controller due

to current controller.

A.K. Lin and W.W. Koepsel [20] have discussed an approach
to control the speed of a chopper fed d.c. motor using digital
techniques. They have devised a «control technique using
Intel 8080 Microprocessor involving a speed loop. An elementary
speedv measurement routine 1is dgiven. They ha&e suggested
improvements in the method of jmplementatjon such as using
a high performance CPU, fast access ﬁemory and increasing
the bit 1length of counter to achieve higher resolution for

measurement of speed etc.

1

Pradeep K. Nandam and P.C. Sen [21] have developed
a new IP control technique for the analog _and digital speed
control of dc drives. They have carried out <comparative
study of PI and IP schemes on the basis of the speed response
for a step change in both reference speed and 1load torque.
Analytical and experimental results show that the IP scheme
has certain distinct advantagés over PI scheme like eliminating
the . current over shooct and minimizing speed over shoot.
The same result could be achieved with PI control but the

speed response would. be sluggish.

Tsutomu et al [22] have proposed a new method to regulate

the speed of a dc motor driven by antiparallel connected
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three phase dual thyristor convertor wusing a up. A fast
response current controller 1is obtained by employing a nonlinear
compensation subloop and a PI compensation subloop. The
nonlinéar compensation is used to linearise the nonlinear
characteristics of the thyristor converter which is encountered
in discontinuous mode of current. The PI compensation subloop
reduces the deviation of detected current from the current
reference. With these two <current control subloops a fast
motor speed response is achieved under both discontinuous
and éontinuous modes and hence the steady state accuracy
of speed is 1improved, a speed regulator using a pup was trial
manufactured, tested and it was shown that an extremely
fast controlled current response can be obtained even with

a long sampling period.

Microprocessors have also_ been effectively used in
developing control schemes for four quadrant choppers which
have wide range o©f applications such as dc¢ cranes, dc servos,
magnet power supplies and so on. S.B. DEWAN and ALI MIRBOD [23]
have developed an optimum control , strategy for a class B
current commutated four quadrant chopper usihg' an M6800
Microprocessor. They have shodn that with this control strategy,
the system provides special <characteristics such as low
input current ripple, low output voltage ripple and fast
response. The experimental results of a 10 KW chopper on

a RL load have been given.

After the désjgn and fabrication of the drive' system,

computer simulation of the drive system is one of the effective
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methods to know the performance of the drive before hand

and in designing it for different specifications.

The paper authored by P.C. Sen [24] investigates the
various control schemes in addition to the phase angle control
(PAC), such as symmetrical angle <control (SAC), extinction
angle <control (EAC), <current 1limit control (CLC) and time
ratio control (TRC). The drive system with these schemes
is simulated on a digital computer and an efficient time
saving method i1s used for computation. The performance charac-
teristics sush as torque-speed, input power factor, fundamental
power factor, harmonic content and peak motor current are

obtained and compared for different schemes.

C. Chellamattu and V.V. Sastry [25] have developed
an efficient simulation program for the steady state performance
of a chopper fed'separately excited dc motor system by formula-
ting an initial state wvector without passing through the

transient %plution.

Pramod Agarwal and V.K. Verma [26]) have described
a new synthesis approach considering rigorous mathematical
modelling for a dual éonve;ter system. The dual converter
system is operated in circulating current mode and incorporates
cosine firing technique. The speed and current loops are
realised using PI controllers. They have simulated the system
on a computer and have obtained the region of stability,

using the parameter plane synthesis method (D composition).’

The stability region was checked by frequency scanning method.
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2.2 Author's Contribution

" The present work describes the design, analysis and
performance evaluation of a Microprocessor based single
quadrant current commutated chopper fed separately excited

variable'speed d.c. drive system.

A closed 1loop control scheme incorporating both speed
and current loops based on Intel 8085 microprocessaor 1is
devised and the relevant software is developed. The flow

charts of the software are given.

The drive system is simulated on a digital computer
(DEC 2050 main frame) for parameter coordination using the
param%ter plane technique and transient studies are carried
out to determine the most appropriate paraméters of the
controllers. The experimental results and the computer programs

are given.



CHAPTER 3
'ANALYSIS AND DESIGN OF POWER CIRCUIT

3.1 INTRODUCTION

The classification of chépper circuits are already
given in section 1l.4. The current commutated single quadrant
chopper circuit used is as shown in Fig. 3.l1. Such circuits
characterised by an antiparallel diode across the main thyristor
[27) have certain advantages over voltage commutated circuits.
They do not subject the 1load to peak voltages in excess
of the supply voltage, the turn off interval does not increase
in 1inverse proportion to. the. load current and the effect
of the commutation <c¢ircuit on the minimum output voltage

“obtainable is much less significant.

The circuit has serjous limitations that, the dc scuirce
should be of 1low impedance and be able. to receive energy
since it forms a part of the commutation circuit. This was
perhaps true for our case also, with diode rectified dc
supply, as there.was commutation failure ét certain operating
conditions. Such 1limitation was over come by substituting
alternative connection as shown in Dbroken 1lines (Fig. 3.1).
The difference between the two configurations 1s that, the
main thyristor is fired first in the wearlier one and the

auxiliary thyristor in the later. The waveforms and the

analysis of the configuration (with broken 1lines) 1is given.
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3.2 Analysis of the waveforms (Fig. 3.2)

The capacitor C is not charged initially [28]. Firing

of TH2 charges C to get charged with dot point as -ve i.e.

Period A : The fjr?ng of THl. immediately transfers the 1load
current into it and the supply system. It also
causes discharging and reversal of wvoltage of
C via D2 and L. The presence of L makes the capacitor
charge well above the supply voltage. Now VC is
charged with +ve polarity (dot point +ve). It

can not discharge via D3 since 1t 1s reverse

biased due to TH1 being ON.

Period B : This capacitor charge is maintained during the
variable period ON time. The load <current will
generally increase under the influence of the

supply voltage and the load inductance.

Period C : When TH2 1is fired, the load <current 1is taken
over by C and THl turns off. The capacitor partially
discharges via D3. Thus making TH1l reverse biased

for a time larger than its turn off time (tq).

Period D : When the current in D3 reaches zero, the capacitor
carries only the load current and continues ¢to

charge linearly in the feverse polarity éhrough
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supply and load.

Period E : As the current through capacitor falls

below

the load current, the diode Dl gradually picks

up the load current from TH2.

Period F : In variable TlOFF period, the diode D1 carries
the full load current under the influence of
load inductance. In case of larger T periods,

OFF

and loads the 1load current may fall to 2zero and

the diode current D1 also then drops to

value.

3,3 Design of circuit components L and C [29]

Ratings : DC Motor - 2 HP, 230 VvV, 1050 RPM
Assuming 76% efficiency at full 1load, the motor

current can be calculated approximately as,

2 x 736

0.76 x 230

Assuming 100% sustained over 1oad, the rms value of the

current through thyristor I = 17A.
rms

Taking the commutation interval, it has to carry a surge or
a paek current of I = 2 x 20 = 40a.

peak
Now the value of X = 2 (fixed)

Commutating capacitor C and Inductor L

2ero

line
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If Tq = Turn off time available for thyristor TH1 and

wr = ‘f%")% ringing frequency of L - C circuit in rad/sec

then defining a function,

But G(X) = WrTq

1]

m- 2 Sin_l(l/x) rad

n- 2 Sin Y
Tq 21/3 (LC)
and the circuit turn off time Tq should be greater than the

() = 2m/3 (3.1)

i

thyristor turn off time to ensure proper commutation

During this turn off time, assuming a constant load

~
A\

current, the capacitor voltage changes from +vd to —Vdc

= X I T r
(ZVdC)C on Tg 0

s
v e/ = T (3.3)

from the equations (3.2) and (3.3),

oo 2 lon (toge *AY (3.4)
2 E
3E (t + At)
and L = off (3.5)
2 I
on

In order to vary the load voltage E over a wide range, the
minimum value of EO should be equal to or less than 10 percent

of the supply voltage vdc

.. TON : TOFF = 10 : 1
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As the frequency of operation of chopper is, 200 Hz,

[}

T = == 5 msec

5 msec

[un
1]
=3
o+
3
i

11 7T = 5 msec
T = 400 usec and
TON = 4.6 msec (max1mum)

Substituting in (3.4) and (3.5),

C

16 nf and

L 2.196 mH
Thus the ratings of the main and auxiliary thyristor are,
Name : §S1012 R, 8439

IT rms : 16 Amps, Iyay =10 Amps

Voltage Vppm : 1200 volts

The power diode ratings are,

Name : SR1612, SSE
Current : 16 Amps
Voltage : 1200 volts

The ratings of the DC generator is same as that of the mctor.

3.4 Conclusion

The operating principle' of the power circuilt employing
the «current commutated single quadrant chopper 1is discussed °
and the waveforms are given. 7The ratings of the thyristors,

diodes and the commutating components L and C are given.
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The practical values of L and C used, slightly differ from
the designed values. Actually they were varied over a range
to get an 'undistorted waveforms and also to ensure that
Commutation failure does not o¢ccur. The actual waveforms

are shown with the help of photographs given in Chapter 6.



CHAPTER 4

CLOSED LOOP CONTROL

4.1 Introduction

Open loop operation of a DC Motor may not be satisfactory
in [(30] many applications. The To;que Speed characteristics
shows that, any <change in 1load torque keeping the firing
angle constant, 1s accompanied by a change in speed also.
However if the drive requires <constant speed operatioh,
the firing angle has to be <changed in order to maintain
a constant speed:_ This <could be achieved in <closed 1loop

operation which is shown schematically in Fig. 4.1.

Here an inner current 1loop and an outer speed loop
are incorporated to achieve the desired performance. The
actual speed N* 1is sensed and compared with the reference

speed NR . The resulting speed error ey is compensated 1in

speed controller and fed as current reference IR to the

current loop. In the current 1loop, the actual current 1I¥*

and IR are compared. The resulting current error er is

compensated in current controller and fed as a controlling

signal to the chopper circuit to vary T and T as desired

on off '/
to maintain a constant speed irrespective of the variations

in the supply voltage, field current and the 1load Torque.

The advantages of incorporating current loop are

1) The speed controller automatically sets the I, and
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hence the normal 1large starting current and transient
current which can damage the <chopper and possibly

the motor could be eliminated.

2) Since _the electrical time constant of armature circuit
is small compared to the mechanical time consﬁant,
the armature current, rather than speed drops almost
instantaneously, whenever the supply voltage drops.
The speed comes to the original value only after the
drop in speed is integrated out by the speed controller
to give a new T_ _  time. But with a current loop, the
fall in current itself sets a new value of T at

on

a very fast rate. Hence the current loop provides

4.2 Type of Controllers:

The overall performance of the drive in closed 1loop
is dependent mainly upon the nature of the controllers uged
for both the 1loops.  From a consideration of steady state
operation oﬁly [31], Integral Control (I) seems preferable
to. proportional (P) control. Normally with a Controllef
generating a signal proportional to error only, the steady
state error or offset remains as a result of sustained dis-
tance. But a controller which generates integral control
in addition, is able to regulate without leaving any steady

state error, Thus PI controller when used, combines the
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desirable transient characteristics of a P controller and
the feature of no steady state error of an I controller

and in addition provides quick response.

In the present work a Proportional plus Integral (PI)
controller has been designed and implemented through micro-
processor software (Section 5.4) for both speed and current
control. However, the general mathemétical " representation

of PI controller is given below: (Fig..4.1)

. — l_ _ *-
The output from the controller Vv = KP(1+ TCS)(Nref N*)
where KP = Proportiohal controller constant[
KI = Integral controller constant,
NR = Reference speed in Hex
N* = Actural feedback speed in Hex
_d -1
s = 3t sec
nT th
V, = Kp.e + K, j¥§ndt - at the n sampling instant (t=nT)
e, = error in reference speed and actual speed in nth
instant
= - * 1
(NR Nn) in Hex
n
(n-1)T th

Voo = Kp-e 1 + K, fm e“h%t at the (n-1) sampling instant
e = (N - N*_.)

n-1 Ro_1 n-1
. nT

Vo T Vn-1 T Kplepme  q) + Ky J epndt

(n-1)T
Avn: Kp. e, + K,Te_ (4.1)
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4.3 Miéroprocessor Implementation

The closed 1loop speed control scheme discussed so
far, could be implemented and made conventional (Analog)
by hard wired means, wherein the different - analog and
digital devices are soldered together. It could also be
implemented by means: of Instructions (software) using a-
Microprocessor. In view of the advantages of the digital
systems as discussed before (Section 1.6), and also when
the drive system becomes complex such as battery powered
vehicle, rolling mills, paper mills etc., which require
very high accuracy,. a microcomputer based control system

performs better than hard wired circuitary.

The jup implementation of our system 1is explained

in the next two sections.

4.3.1 System Hardware

The interfacing circuitary for the pup control closed
loop scheme is as shown 1in fig. 4.2. Port A, Port C Higher
of /8255 (PPI) are programméd as input Ports and Port - B,
Port C Lower are used as output ports. Specifically, PBO and
and PBl are used for firing the thyristors using RST 6.5
interrupt. PCO and PC, bits are used to provide cdntrolling
signals for 8253 (PIT) and ADC . An optical shaft encoder

is fitted on to the shaft of the machine. A photo transistor

circuit is used to generate speeder pulses which are counted
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by usiqg IR 1 and 1IR3 interrupts of 8259 (PIC). Actual
current 1is sampled and input to up via Port A of 8255.
The speed sampling is done once in 200 ms and that of current
once in 10 ms. The software written provides control over
a range of 15% to 85% of the top speed. The flow charts
given in the next  section describe the implementation of

the system through software.

4.3.2 System Software

a) Main program:

1) The wvarious periferal <chips such as 8255, 8253,

8259 are initialised.

2) The memory area is initialised with constants.

3) The interrupts RST 5.5, 6.5 and 7.5 are unmasked.

4) Reference speed N, is given via keyboard.

5) The desired ON and OFF periods namely TON DES and
Torr = Tey ~ Ton: DES (1ln Hex) are calculated and
stored.

6) Smooth start S.R. 1s executed where in the main
thyristor is fired (RST 6.5 1ISS) for T period

ON

and the machine starts ata very slow speed.

o i . L.;'l ..:
The TON 1S increased in steps of AT till TON desired
1s reached. At this instant the machine would have

attained a speed close to NR and now it enters into
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closed loop mode.

. In closed loop, N* the actual speed is calculated

and the error in speed ey is constrained to * 5%
of maximum speed (i.e. 5% of 1050 = 50 rpm) and
this constrained speed error is PI processed. The
resulting reference current IR value constrained
between IR- maximum and IRy minimum. All this 1is

achieved entirely through software.

Actual value o0of current I* 1is measured using ADC
and .is compared with IR and the resulting error
e is again constrained between * 10% of the maximum
permissible referenée value. The <constrained current
error 1s PI processed and the resulting qLantity
itself decides TON and Topp values. It 1is co¢bvious
that if the actual speed of the .machine 1is less
than the reference value, then TONn calculated from
the PI processing of speed and current is more than
the previous (0ld) TONn-lSO that, armature impressed
voltage increases and the machine speeds up and
vice versa. Thus the above procedure 1is repeatedly
executed once in every 250 msec. and the machine

tries to maintain the speed <constant as c¢ommanded

by the reference speed setting irrespective of,

‘the wvariation in load torque or marginal fluctuations

in supply voltage or <the field flux. The flow chart

of the main program is given in the next page.



" MAIN PROGRAM »

( gNTER )

INITIALISATION
I/0 PORTS OF PPI'S, TIMERS(MODES), ALL GATES LOW, UNMASK RST
6.5 INT, RST 5.5 KBD INT,

VARIABLES ~ SPEED'PI €sn’ Csn-1’ K?s_ K.}'s

MIN, Tqy» MAX Tone Toppr Tog (ALL 2 BYTES)
STORE VALUES I.REF ),( L REFMIN

' REF SPEED 0000 H -
EI

DE = 0000 CALL DELAY
READ REF SPEED VIA KEY BOARD ( IN BCD)

IA]
REF SPEED

YES

LPl 0000

NO REF SPEED ACCEPTED
LBIT = 1 RPM

STRE REF SPEED, CONVERT BCD TO HEX

SMOOTH START INDEX = 00, CYCLE = 00

REF SPEED (HEX)/8
MAX SPEED (HEX)

CALL SMOCTH START SR




K = 01 SMOOTH START IS OVER

~ INITIATE ACTUAL SPEED MEASUREMENT UNMASK PIC
- COUNT = 00, FI = 00, SMT = 00,

- LOAD SPEED TIMER TM2 WITH 200MSEC COUNT

- UNMASK IR1 AND IR3 FOR SPEED MEANS AND EI

"HALT 2

NO

YES

(XX |

SPEED MEAS OVER_

- CALCULATE ACTUAL SPEED ( 1 BIT = 1 RPM), STORE
- INITIALISE ACTUAL MEAS BY SMT = 00, FI = 00

- TM2 WITH 200 MSEC, UNMASK IR1, IR3, BI

O

CARRY OUT PI PROCESSING OF SPEED, SPEED ERROR (2'S COMPL),
LIMIT TO 1 BYTE (IR )

Ny s €

i 2 e N = —
N R Rl

CONSTRA INED

ENTER PI FOR CURRENT (10 /mSEC SAMPLING)
- INDEX CM = 00

-~ MEAS CURRENT VIA ADC ( Ia)

-~ CURRENT ERRCR CALCULATION

- PI PROC OF C .(RENT

- CONSTRAIN Toy AND 'CALCULATE Typp




NO

CYCLE = 49

36

CALCULATE NEW ACTUAL SPEED AND UPDATE SPEED

B = 00, INPUT NEW REF SPEED STORE IN MEMORY LOC
IN HEX

GO TO XXX

FLOW CHART FOR MAIN PROGRaM
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b) Firing of Thyristorsby RST 6.5 ISS:

The microprocessor controlled firing scheme is as
shown in Fig. 4.3. Bits PBO and PBl of Port B of 8255 are
used to trigger monoshots 74121 which are configured in
rositive edge triggered mode. The pulse width at the out
put of these monoshots is designed to be 300 psec to ensure
proper firing of the Thyristors.

i.e. 07 RC = 300 x 10 °

choosing C = 0.01 pf, R = 42.8K (33K is used)

These pulses are AND ed with high frequency output
df a 555 Timer using ¢triple input AND gate 7411 and are
amplified using a pulse amplifier. The pulses at the output
of pulse transformer secondary are given to the Gates of
the thyristors. RST 6.5 Interrupt is used to generate the
firing pulses for both Main and' Auxiliary thyristors at’

required instants and 1s explained as below. The TON and

TOFF values (in Hex) are calculated for a particular reference

speed as explained before. The main thyristor is fired

by making PB, HIGH and the TMl is loaded with a count equal

0

to TON and 1ts Gate is enabled. The timer starts down couriting

and RST 6.5 interrupt which is connected to OUT of TM1
is generated on terminal <count. In RST 6.5 interrupt the
Auxiliary Thyristor is fired by making PBl HIGH and it
loads the TM1 with count f enabqug its Gate. Thus the

OFF
above procedure is repeated again when RST 6.5 interrupt
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is generated after a period TOFF is reached.

RST 6.5 I.S.S.

Name of

Subroutine : RST 6.5 ISS

Inputs : Interrupt generated when'™ TM1 OUT becomes
HIGH on terminal count.

Outputs . : Loads TM1 either with TON or TOFF for
next interrupt.

CALLS : None.

Description :‘This routine fires main thyristor,makes
firing index I=01, loads ™1 with TON
or fires auxiliary thyristor makes I1=00,

: m

loads TM1 with Topp -

Note : It uses values TON ;, Index 1, TOFF , CyClz

from the memory.
The relevant flow chart is given in the next page.
c) Digital Measurement of speed using IRl and IR3 ISS:

The interfacing circuitary for the digital measurement
of speed 1s shown in Fig. 4.2. The optical shaft encoder
used has 60 holes (H) on its periphery. If the actual speed
of the machine is N RPM,

Number of revolutions/sec (ns) = N/60

N/60.x H

Number of pulses generated/sec

= N/60 x 60 = N

f/



RST ©.

5  T5S
-( RST 6.5 “:)
)y
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SAVE REGISTERS, SET GATE OF
™1 LOv  VIA PC,

YES l l/////”ég\\\\\

- NO
?
1= 0l SOTRE I = 00 STORE
FIRE AUXILLARY ¥
FIRE MA IN SCR
SCR VIA PBl STA BBO
i)
LOAD TM1 WITH Typp LOAD TM1 WITH Ty,
CYCLE =.CYCLE+1l
TRIGGER T™1 VIA PCO
RECOVER REGISTER
EI

FLOW CHART FOR RST 6.5 ISS
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Hence if we sample the speed encoder pulses for a
period of 1 sec, the number of pulses counted (COUNT) would
directly give the speed in RPM. As the sampling is actually
done for 200 msec, the actual speed of the machine is equal

to COUNT * 5 rpm (The relatijon between the actual speed and the

speed as measured by up is given in Appendix B.
The counting of the speeder pulses 1s for 200 msec,.

It is done with the execution of IRl and IR3 ISS, generated
by the IR1 and IR3 interrputs of the PIC, and is explained

as below.

IRl ISS 1is executed wevery time the speeder pulse
is generated during the sampling period. When IRl ISS is
executed for the first time upon the generation of the
first speeder. interrupt (FI), the timer TM2 is loaded with
a 200 msec count and its gate is enabled. During the subsequent
execution of IRlv ISS, the COUNT 1is incremented by one,
In the mean time, TM2 starts down counting and its OUT
connected to IR3  goes HIGH upon zefo count. Occurrence
of the 1IR3 interrupt heralds the completion of 200 msec
time and I§3 ISS further disables all the speeder pulses

interrupts.
IRl ISS for measurement of speeder pulses

Name of SR : IRl 1ISS
Input : Interrupt recognised wupon the generation
of each speeder pulse.

Qutput : The speeder pulses COUNT in HL rp.



CALLS
Destroys

Description

IR3 ISS

Name of SR

Input

Output

CALLS

Destroys

Description

The flow

the next page.
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None
None
Other interrupts are automatically
disabled during this ISS. It loads

the TM1 with 200 msec constant during
the = first execution and makes index
FI=01. During subsequent execution
for a max. period of 200 msec, COUNT
is incremented and restored back in

HL rp.

IR3 ISS

Interrupt generated when ' the OUT of

TM2 loaded with a 200. msec constant,
goes HIGH.
Makes speed measurement: time index
SMT=01 (i.e. speed measurement is over)
None
None

\
This dnterrupt coming after 200 msec
of speed emeasurement initialisation
indicates completion of speed measurement,
and sets the gate of TM2 low vVia PCl and
masks all 1IR's of PIC, thus disabling

any further speeder interrupt.

charts for IR1 and 1IR3 SR's are given 1in



IR]1] T.S.S.

ENTER IRl
SPEEDER INTERUPT

SAVE REGR.

PT = Ol
STORE

"COUNT=COUNT+ 01

TRIGGER TM2

 VIA PC, 1

STORE

v

LP 2

SPECIFIC EOI

A

RECOVER REGR

FLOW CHART FOR IRY aND IR3 1SS
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IR3 I.S.S.

ENTER 1IR3
TINER INTERUPT

PUSH REGR.

SET SMT = Q1

SET TM2 GATE LOW
MASK IRl and IR

RECOVER REGR

SPECIF%C EOI
El
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d) Digital Measurement of current

/

The actual armature current 1is sampled i.e. tapped
across a low resistor in series with the armature circuit.
As this current 1is pulsating, it 1is passed through a filter
and amplified to a suitable voltage 1level so that maximum
armature current of B8A corresponds to an analog signal
of 5V. This analog signal 1is converted to 1its equivalent

digital value using ADC 0809 as shown in Fig. 4.2.

The current is sampled once in 10 msec by the up
program in the <c¢losed 1loop. Firstly, a pulse 1is given at
the start of conversion pin (SOC) of ADC wvia PC2 . The
end of conversion EOC 1s tested by pp via EOC pin. Once
EOC is high, the digital information is input from the
ADC wvia the input port A bits (PA7 —PAO ) and stored 1n a

particular memory location for further processing.

ADC S.R. for measurement of current

Name of S.R. : ADC S.R.

Inputs : None

Outputs : None

CALLS : None

Destroys : None

Description : Inputs the djgjtal equivalent of armature
current through ADC and stores in

appropriate locationfor further Processing.
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Note . :  Other interrupts like RST 6.5 and
RST 7.5 are already enabled during

the execution of this SR.

(The relation between the actual current and the current as measured by up is
given in Appendix B).
The relevant flow <chart 1is given in the next page.

e) Subroutines for the multiplication and division of Two's
Compliment numbers [32]:

Name of S.R. :  SMULT

Inputs : multiplier in B reg and multiplicand
in L reg

Qutputs ‘ : product in HL rp

CALLS : None

Destroys : A ana C registers

Description : This S.R. multiplies twe Two's complimant

numbers and the product of multiplication
is returned to the calling program

in HL rp using Booth's algorithm

Name of S.R. : DIV

Inputs | : Dividend in HL rp and divisor in B reg
Outputs : quotient in HL rp

CALLS ¢ None

Destroys : A,C,D,E

Description : This SR divides a Two's compliment

number in HL rp by another two's compliment

numpber in B rég} the quotient also a
Two's compliment number is returned to

calling program in HL rp using Booth's

algorithm



SULYL OR

(@NTER SMULT sn‘)

=Y

\

INITIALISE H=00, C=08 A A L
AL IS , C=08, CLE&R Yy 1-0)
LOOP 2 = 1 //ﬁy = 0 LOOP 1
(CY:l,X]“lzl) v l
PUT LS BIT OF A PUT LS BIT OF A
(MULTIPLIER INTO CYgy, ) INTO CY(x;)

1}

ADD MULTIPLIE | [SUBTRACT
CAND ' MULTIPLICAND

} Loop 3

ARTHEMATIC ROTATE BY ONE BIT THE HL
PaIR WITH Cy — LSB
c c-1

£ 0

RETURN :)

FLOW CHART FOR SMULT SR

ENTER

SLLECT CH4NNEL INO, SEND 'SOC!
VIa PC, i.e. L-H-L
!

CHAECK PC4 FOR ' EOC!

CONV  NOT
OVER _ = 1 CONV QVER
IN PORT A OF 2255 ' CURENT!

STORE FOR PROCESSING

FLOW CHaRT FOR 'aDC' SR -



< DIV SR ’
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DIVIDEND IN HL, DIVISOR IN B, COUNTER IN C
(EQUAL TO NO OF BITS OF DIVISOR), D = B+l

ag = Hs @ Bg

é’i—xm:ﬁﬁd
. J
Bz_ﬁﬂ-l
-
y
gY = 0, ShL HL 1THRO Gy
Y ' \\\v//, 4

QUOTIENT IN HI,, REMA INDER -
IN A

FLOW CHART FOR 'DIV' SR
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4.4 Conclusion

This chapter deals with the complete Hp jmplementation
of the closed loop scheme. The ‘block diagram of the closed
loop scheme, the system hardware and most of the flow charts
for the system software are giyen. How the different interrupts
of the pp are used for the measurement of speed, the firing
of the thyristors and the measurement of current are explained

in detail.



CHAPTER - 5

Mathematical Modelling and Computer Simulation

of the drive system
5.1 Introductjon

After the microprocessor based drive system is designed
and fabricated, it is the desire of the designer to achieve
superior performance such as minimum overshot, fast response
in the transient state and 2zero error 1in the steady state
condition. In order to achieve this, the drive sgsystem has
to be suitably designed. As - the different components of
the drive system [32] such as, power cénverter, controller
(and its type), and the plant are already fjxed, the gains
and time constants of the controller are the only feasﬁble

~

parameters that could be varied, and hence suitably designed.

To -achieve the above said task, the first step 1is the
preparation of the mathematical model of the system, from
its differential equations and solve them in the time domain
to predjct' the wvariation of different quantitites. 1In case
of higher order systems (as it is in our case), such a method
would be difficult to achieve. Hence digital simulation,
wherein a system of differential equations are solved step
by step is sometimes used and seems to be a convenient mathe-
matical tool for transient and steady state studies. Thus
we have simulated our system on DEC 2050 main-frame computer,
to design the controller values and the procedure is explained

in this chapter.
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5.2 Transfer function of various elements [34]

5.2.1 D.C. Motor

The differential equation of armature <circuit of a
separately excited dc motor, with constant field excitation

is as follows,

d.
B ) ia
ea = eb + Ra]a + La ~a€
where Back emf e, = K, w_ volts with,
b b m .
Kb = KfIf a constant,
If = constant field current (5.1)

The torque balance differential equation is

where the Load Torque TL = me Nw-mt and,

the Electromagnetic Torque T = Kbia Nw-mt

The coulomb and static frictions are neglected for
getting a linear model. The viscous friction 1is included
in the load torgque Ty, - In_ thé experimental set up, the dc
motor i1s loaded by means o¢of a dc generator supplying power
to a resistive 1load. Neglecting the electrical time constant
of the armature circuit of the dc generator, it can be shown
that the 1load torque on the dc motor 1is proportjonal to
speed. The viscous friction only increases this broportjonaljty

constant and was found out experimentally.

|1 4626
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Taking Laplace transforms of equations 5.1 & 5.2

Ea(s).= Eb(s) + RaIa(s) + La.s Ia(s)

Eb(s) = Kbtum(s)

sJw (s) = T(s) - T (s)

. m L

S

TL(s) = me(s)

T(s) = KbIa(s) and hence “
(sJ + B) wm(s) = T(s) =-KbIa(s) (5.3)

The block diagram of the dc motcr using the above equation
can be drawn as shown' in Fig. 5.1. From the block diagram

the transfer function can be derived as follows

w (s)

m _ G(s)
Ea(s) 1 + G(s) H(s)
K
b
(sLL 4R )} (sJ+B)
- a a
Ky
1+ (sL_+R_)(sJ+B) : i
a “a
i l/Kb
JRa L’a B
1+ — (l+s=—=) (s+ =)
K2 R J
b a
La _
defining Ta =7 = electrical time constant of the motor
a armature circuit
JRa
and T = —— = mechanical time constant.
m Kb ,

the transfer function becomes



Ea(s) +
Eb( ‘3)

N
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FIG. 5.1 BLOCK DIAGRAM OF D.C. MOTOR

Ea“; )

(s+B/3) Ty

FIG.

[1+(T+sTa) (s+B/3)Tm) R4

I(s) Kp wols)
s&J + B .
Ky
Ia(S) Kb/J wm(g)
e
S+B/J

REDUCED BLOCK DIAGRAM OF D.C. MOTOR



wy(S) ) 1/Ky (5.4)
Ea(s) l+‘rm(l+s Ta) (S+B/J)
w.(s) K K /J
- b _ b
ALSO TTsY T savB T Ts+B/9)
Ia(s) ) Ia(s) wm(s)
E (s) wm(s) E_(s)
_ (s+B/3) /K
Kb/J l+(l+STa)(S+B/J)Tm
(S+B/J)Tm

= [1+(1+STa)(s+B/J)rm]Ra

The block diagram redrawn using 5.4 and 5.5 is as shown in Fig. 5.2.
5.2.2 Chopper

The input and the output voltage relaticnship of a

chopper can be assumed to be ljnear and is as follows

T .
v o o=v, ——0ON
1 m
out in TON+*OFF
where 'an = Vs the supply voltage,
Vout = E, the armature input voltage,
TON + TOFF = TCH the time perjoq of chopper a constant
for PWM operation of chopper and
TON = the on time of chopper & is proportional to
control VCl
Hence Ea o VCl or
E = K V_,
a Ci

where K is the transfer function of chopper
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The numerical wvalue of K 1is takén as 1 for the analytical

study. Aithough, there is a delay (maximum of, ) in the

TON MAX

propagation of information V to be reflected on E v it is

cl
neglected for all practical purposes.

Thus the thyristor power converter consisting of chopper
and firing circuit is approximated as a linear continous element

although it is a nonlinear sampled data element in reality.
5.2.3 Current Controller

A PI controller has been chosen for current control‘

and its transfer function can be written as

VvV ., (s) K, (1l + T_.s) _
L~ = <l (5.7)

ecl(s) TClS

5.2.4 Speed Controller

A PI controller has been <chosen for speed control

also, and its transfer function is

ch(s) ) K2(l + TCZS) | : (5 8)
eca(s) Te2®
5.2.5 Current Transducer
As was already explained in section 4.3 the transfer

function of the <current transducer <can be written with a

dead time lag as




55

where I* = feed back signal for actual armature current Ia
R "= equivalent resistance of sampler, filter and
is equal to 0.5412 ohms .
Tl = sampling time for current and is equal to 0.0l secs.

5.2.6 Speed Transducer

¢
It is already explained in section 4.3.b that the
speed feed back should be in rpm for the speed processing.
Hence the speed transducer with a dead time lag has the

. transfer function

where N* = speed ofthe machine in rpm as fed back

m_ = actual speed of the machine in rads/sec

m
HW = 60/2m conversion factor
T2 = sampling time of speed and is equal to 0.245 secs.

5.3 System State Model

The system model Jis shown in detaijl in Fig. 5.3. The

state variables are defined as follows;

X = Ve
X = Ve
X3 = Ia
X, = Qm

from the block diagram (Fig. 5.3)
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Taking inverse Laplace transform

or

_ -sT. X
NR - N* where N* = Hwe 2 74
KQ %0
TopS C2
Ky .
R (5.10)
Tey €2
x2 + eC2K2’ also VC2 = IR
_ * - ~sT
IR I where I R e 1 X3
.
TClS Cl
Kl .
TC cl

Taking inverse Laplace transform

<
)

=3
Il

n
>
1]

K1

*eCl (S.ll)

T
cl

Xl + ecl Kl

K % VCl

Ea - Eb where Eb = wam

ec3/(sLa + Ra)
(e

c3 X3Ra)/La

Taking inverse Laplace transform

dX3 )
t

d

(e

- X3Ra)/La

C3
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>
!

X3Kb/(sJ + B)

- or sX, = (X3K - X,B)/J
Taking inverse Laplace transform
4 (5.13)
az— = (X3Kb *.X4B)/J o

5.4 Design of Controllers

5.4.1 Current Controller

A PI Controller is wused for the current controller
and its transfer function is given as Kl(l + Tcls)/TClS‘ Before
the two paraﬁeters, gain Kl and time constant TCl could be
designed, they have to be first coordjnated_ in parameter
plane so that lstabjljty of the system jis assured. The method
of stability used is as described in appendix A. Now considering
only current loop, its chéracteristic equation is aiven below.
The current loop <can delinked froh the speed 1loop due to
the fastness of the «current 1loop in comparison to machine
speed variation. The block diagram .given in figures 5.2 and

5.3 are used here.

1 + G(s) H(s) = 0

K(s+BAJ) T /R
1 m T a -sT
1 + K, (1l+ ) - ¥ R e 1 =0
1 TClS [l+(l+sra)(s+B/J)Tm]
ke s (1 1 | K(S+B/J)Tm/Ra . c"STl C
1 T..s" [1+(1l+sT_)(s+B/J)T ] -
Cl a m

the equation becomes

Defining o = l/Kl and Bl = 1/T

Cl
K(S+8/J)Tm/Ra
[l+(1+515)(s+B/J)Tm]

o, + (1 + Bl/s)

1 * R e 1
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-sT

Let Fl(s) = KR Tm e 71 (s+B/J)/Ra
and FZ(S) = [1+(l+sTa) (S+B/J)Tm]
) Fl(s)
then, “1 + (1 + Bl/S) -ﬁ'z(—s) = 0
or Glst(s) + BlFl(s) + sFl(s) = 0

Séparatjng the real and imaginary parts of the above equation,

for a complex value of the Laplacian operators

oy Re[st(s)] + Bl Re[F,(s)] + Re[sF,(s}] = 0 (5.14)
and oy Im[st(s)] + Bl Im[Fl(s)J + Im[sFl(s) = 0 (5.15)
solving the equations 5.14 and 5.15 for a; and By,

@, = Re[Fl(s)] Im[sFZ(s)] - Re[sﬁl(s)]. Im[Fl(s)] / A
and Bl = Re[sFl(s). Im[st(s)]— Re[st(s)J. Im(sFl(s)] /A
where A = Re[sFZ(s)]. Im[Fl(s)]— Re[Fl(s)]._Im[sF?(s)]

Putting s = - o+ Jjod and s = -fw_ + Juw, 1-£%, two
different sets of D partition boundaries * are obtained as
shown in Figs. 5.4, 5.5, 5.6. To ensure maximum relative
stability, ¢ and £ are idncreased from minimum values of

zero. It 1s found that the region with higher degree of
relative stabiljty goes on decreasing as ¢ and £ are increased.
Thus the regions with highest possible o and £ are obtained.
Frequency scanning method is wused to <check the stability
of a particular region with the relevant Qalues of o, Ay, By (or

&, 0 B) and is shown in figs. 5.7, 5.8.

*Refer Appendix A.
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After ensuring the stability of the most ©probable
stable region, the final selection of the two parameters
(gain and time constant) are made comparing the time response
of the current loop for a standard test’ signal (step) for
different valués of gains and time constants. The relevant
computer programs for obtaining' the D-partition ‘boundary
curves, frequency scanning check and the time response are

given in Appendix D.

The state model of the current loop is now determined.
The modified current loop is as shown in Fig. 5.9 wherefrom

the state variables are selected as (Fig. 5.9),.

L} 1 —
Ve T %
Ia = X2
The reference current input (step), IR'= 1.0. From the
block diagram of Fig. 5.9,
- - *
eCl IR I
K
1
X = * e
1 TCls Ccl
K
sX = — % e ..
1 TCl Cl‘
Taking the 'inverse Laplace transform
S R e (5.16)
dt Ty cr . .
also Y = X. + e K

Cl 1 cl'l
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a cl
- K
X = — * y
2 (sL_+ R ) cl
a a
or sx2 = (ch1 - RaXZ)/La

Taking the inverse Laplace transform

55 = (K Vo - Raxz)/La : (5.17)
Using the equations 5.16 and 5.17 the time response was

computed and plotted for different values of K, and Tcl as shown

1
in Fig. 5.10, 5.11, 5.12, 5.13.

Values Kl = 10 and TCl = 0.025 are choosen as with these

values, the time response is close to the desired one.

5.4.2 Speed Controller

The transfer function of PI controller used for speed
control is K2(1+TC28)/TC25. The parameters K, and TC2 are to be
designed using the same procedure that is used for the current

loop. The inner current loop is reduced to a single block Fig. 5.14.

T.F. of current loop = Gl(s)/H+Gl(S)Hl(s)]

1

K, (1l+ =——
Tcr®

). K (s+B/J)Tm/Ra

where Gl(s)
[l+(l+sra)(s+B/J)Tm]

Kl(l+sTC1) K (s+B/J)Tm/Ra Fl(S)

sTCl [l+(l+sra)(s+B/J)Tm] FZ(S)
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and Hl(S) = Re 1
Fl(S)/FZ(S)
T.F. of current loop =
F.(S)
' 1+ -2 re” 5T
F,(S)
2
i Fl(S)
-sT
F2(8)+Fl(S) Be 1

Now the characteristic equation of the complete system is

’

1 +G'(s) H'(s) = 0
F.(S) K _/J
1 1 b
where G'(s) = K,(l+ —_) ; — TeiRTT
20 TS (r,(s)+r (5) re STy (S¥B/J)
and H'(s)= Hy e 5T,
F.(S) K. /J
. 1 1 b -sT
i.e. 1+K,(1+ /) — H.e 72 =0
e [F,(S)+F (S) Re °T1] (s+B/J) "W
(5.18)
B ) -sT
Let F3(S) = Fl(S)(Kb/J) HW e 2
Fy(S) = (F,(S)+F,(S) Re 1) (s+B/J)
a, = l/K2 and
By = /T
Eq. 5.18 can be written as
F_(S)
1 3
1/K, + (1+ ) 0
2 ToyS F4(S)
i.e. a, SF4(S) + B, F3(S) + sF3(S) =0

As before, with this basic equation, the two sets

of D-partition boundaries are drawn and the most probable
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stable region is determined (Figs. 5.15, 5.16, 5.17). By
frequency scanning method the stability is checked (Fig.5.18)

and the time response for a step input is plotted for,
different wvalues of gains and ﬁime constants (Figs. 5.19,

TC2

with these values, the time response obtained closely meets

5.20, 5.21, 5.22). Values KC2= 0.021 and T = 0.1 are chosen as

the desired time specifications.

5.5 pp Translation of the Controller Parameters

5.5.1 Speed Controller

As already given (Fig. 5.3), the speed controller 1is

K

represented as [K_, e + 2
2 n TC2

set up by using up as K Ae + K e . Hence, the Proportional
PS n IS n-1 K. .
: 2
Constant K = K, and the Integral Constant K ='-= , 7., where
Pg 2 Is Top 2
T2 = 0.245 with the values chosen (previous section), KP = 0.021
S

s-eni. This is realised in the actual

and K. = 0.05.
Ig

5.5.2 Current Controller

As already given (Fig. 5.3),* the current controller

-is represented as [K, e_ + L. €_]. Again, this is realised in
1 71 TCl I
.the actual set up by means of up as, K Ae + K e where

Py n I n-1'
all the quantities are in HEX numbers. As the actual current

(Analog signal) fed back to the up is in HEX (via ADC), suitable

conversion is necessary to convert A

K1 and Tcl to get Kpi and
KI and is given as follows '
I
1 -sT
E. =K, [l + =— 1 I[RI_ - RI e 1]
an 1 TClS R a
Kl t
= R.Kl[(e ) - — S o dt] and
B

*Refer Section 4.2 also.
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Kl n-1
E = K,[(e_ ) - = 7 e . dt]
ap.y L ol T Y, Tn-l
Ky
E_ -E = K. Ae_ + ——= e .T
a, n-1 1 n Tey n"-"1
th . . .
Where Ea = Current error at the n sampling instant in volts
n
Ea = Current error at the (n—l)th sampling instant in volts
n-J : ,
e = [RI_ -~ RI e—STl] = RfI - I*¥) in volts and
n R a R ‘
re = [e - en*l]
Tl = gampling time of current loop = 0.01 secs
Converting all these values into numbers (in terms of COUNT),
. T
ON
We have, E = \Y
TON+ TOFF dc
ATON : ATON sec
AE = T de = 220 -
CH © CH sec
AT
ON 5 T
.. 220 =—— = R. =—= [K, Ae_ + K. () e_]
CH 256 1 n | 1 'I‘Cl n
where, ATON' TCH' A?n are all in COUNT and T, TCl are in .secs.
as 5V represents 256 H in COUNT
T K : '
.. ATON R.350 X 556 [Ky Aen Tcl 0.01 en]
7675 5 Ky
= 0.5412 220 X 556 [Kl Aen + "ITgl (0.01) en]
K1 '
= O<368 [Kl Aen + T (0.01) en]
cl .
With the designed values of Kl = 10.0 and Tcl = 0.025
= - 1'470

the values KP

3.68 and KI
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5.6 Conclusions

In this chapter, the transfer function of various elements
are given. The theoretical studies are carried out with these
~transfer functions to design the values of the parameters of
‘the controllers. The theoreticaliy designed values are converted

suitably into up language.
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CHAPTER 6

. PERFORMANCE OF THE DRIVE SYSTEM
6.1 Introduction

This chapter deals with the experimental performance
evaluation of the drive system. The performance of the
drive s§stem jS‘determined based upon the performancé charac-
‘teristics, namely, (i) speed, (ii) current and (iii) % effi-
ciency Vs output power of motor at different speed settings.
The performance characteristics are plotted based on the
results - of the load test. The performance characteristics
of the natural system (naturél characteristics), up controlled
open loop system and the up controlled closed 1loop system
are plottéd in ‘order to draw a comparision between them.
Theoretical determination of the parameters of the controllers
are already described in chapter 5. However, during experimen-
tatioﬁ, these parameters were varied over a range and those
parameters which gave best performance under the transient
and steady state conditions were <chosen for the 1load test
of the up controlléd sysfem. The Table 6.1 shows the effect
of the wvariation of the <controller parameters upon the

performance of the drive system.

6.2
Load test on the up controlled drive system

With the gain factors of the drive, as per theoretically

determined values, the up controlled closed-loop drive



82

TABLE 6.1
N_ K K K. K N* N*
Rppm Ps _ IS .PI II RPM aVRPM
LOWER  UPPER

500 0.1 0.1 06 05 450 550 500
0.2 0.1 08 05 475 525 500
0.5 0.1 10 05 475 500 488

500 0.2 0.2 04 02 450 550 500
0.2 0.5 04 02 450 550 500
0.2 0.5 04 04 475 525 500
0.2 0.5 04 06 475 550 513

500 0.2 0.5 06 02 475 500 488
0.2 0.5 06 04 455 520 488

0.2 0.5 06 06 475 525 500
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resulted in ’speed oscillations. Hence the gain values
were experimentally adjusted about the theoretical value.
At certain optimal setting, the speed oscillations were
minimum with average speed close to the reference speed.
For 1load test on closed—lobp system such a set of gains

was selected.

For conducting the load test, the values .of the

parameters of the controllers chosen are KP = 0.2, KI = 0.5,
S S
KP = 06 and KI = 02 as with these values, the oscillations
I I
. in speed were minimum (Table 6.1). The load test was

carried for different wvalues of the reference speed
settings, i.e. 100% (lOOO‘ rpm), 75% (750 rpm) and 50%
(500 rpm) of the rated speed. Figs. 6.1, 6.2 and 6.3
show the speed Vs output power of the motor. From Fig. 6.1
it is seen that for the natural system, the speed drops
from 1000 rpm to 930, For load variation from no 1load
to 0.75 of the rated power output (for a 2 HP m/c, the

rated output is 2 x 735.5 = 1470 watts).

For opeﬁ loop up controlled system, the speed
drops from 1000 rpm to 675 rpm for the same load variation.
For the jup controlled <closed loop system, the speed
was constant at 975 rpm irrespective of the variation
in the 1load, exhibiting a steady state error of about
25 rpm. During this test, the total excitation was constant

(fed from the rectifier output'at VdC = 220V) at I, = 0.8A.
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Aimost similar results were obtained for other speed
settings also for natural system and the up controlled
open loop system. However, for the up controlled closed-
loop systen, there were oscillations in the speed of
about 25 rpm (at lower speed settings) and 50 rpm (at
higher speed settings). The abqve figures show the average

value of the speed for this case.

With regard to the 1Input current Vs output power
behaviour at any initial speed setting, the Eharacteristics
obtained (Fig. 6.4) for all the thfee systems Were nearly
the same, But in- the pp controlled closed ‘1oop system,
the input current drawn £from the supply‘ was oécillating
about a mean value. This was true for all the different
speed settings. Also that, the input current was slightly
less for the up controiled closed loop system for certain
load condition. This is because thé up controlled closed
loop system maintained near constant machine speed inth
gradual ipcrease in "armature voltage to compensate for
armature drop. Hence for same power output, the input

current can be less. This behaviour 1is noted at high

reference speed Settings. -

As far as the % efficiency (% n) Vs output power rela-

)
tionship is concerned, the % efficiency was higher at
higher speed settings and lower at lower speed settings

as is expected of any drive system. This was true for
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all the three systems. However, forv the uyp controlled
clbsed loops sYstem, $ mn was higher compared to the
other two systems (Fig. 6.5). The load test at different
speed settings was carried out by having é resistance
in series with the armature c¢ircuit and adjusting it
at every load to feed‘ a constant ‘dq voltage across the
armature, for the natural system. However, for n calculation
losses in this series resistance are not included. The
field in each <case was excited by a constant voltage

(I.=0.8A).

f

6.3 Performance oscillograms

-~

Photographs of various waveforms are shown in
Fig. 6.6. (a-k). Figs. 6.6 (a-d) show the 1load voltage
waveforms (upper) and load currhet (lower) at different
instants, when the drive 1is first started by means of
smooth start SR. We can see, that Ton is slowly increased
from T .. to

ON MIN Ton pES

reference speed which was 600 rpm in this case.. Photo-

to bring the drive upto the

graph 6.6 (e-f) show the same waveforms, when the drive

is running in closed loop for NR =600 rpm. The speed

N
easily seen 1in the photograph. Fig. 6.69 shows how the

oscillations are due to the variation in TO which 1is

speeder pulses are properly wave shaped. Fig. 6.6h shows
the filtering of the armature current before being given
to the ADC. Fig. 6.6i shows thé voltage across capacitor

and THl1. Fig. 6.6J shows the firing pulses uSed to trigger
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Photographs of the various waveforms

scale upper channel 100 V/cm, lower channcl 100 mv/cm

Time scale 0.1 sec/cm

LI O

IR TR SR A S

AV

’ b) at an intermediate

a) at the beginning of
instant

smooth start ,
Ton“Ton MIN

d) towards the end

c) at an intermediate instant
T0N= TON DES 60% duty cycle

Fig. 6.6 Load voltage (upper channel) and load current
(lower channel) waveforms at different instantsof

smooth start for NR=6OO rpm
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e) Instant at which speed f) Instant at which speed
oscillation is maximum oscillation is minimum

During the closed loop operation for NR=6OO rem, IM=5A

g) speeder pulses - h) Motor armature current

upper—-after wave shaping upper—-before filtering
scale 2V/cm scale-2vV/cm
lower-before wave shaping _ lower-after filtering
scale-5V/cm scale-2V/cm

Time scale - 0.2 msec/cm Time scale - 0.2 msec/cm



i) upper-voltage across C
lower-voltage across THI
with the anode of TH1l as
common point

Scale - 100 V/cm
0.1 msec/cm
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j) upper-firing pulse for TH1
lower-firing pulse for TH2
duting CL operation for
N_=600
Sgale 1v/cm

0.2 msec/cm

j) Rear view of the set up

k) front view of the set up
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the main and the auxiliary thyristors. The firing pulse
for TH1 has this specific waveform, as, after firing
of the TH1, the Gate .to <cathode Jjunction behaves as

a diode, having a certain voltage drop across it.

6.4 Conclusions

The performance of the up based drive system has
been investigated experimentally and compared with that
obtained under natural and pp controlled open loop operating
conditions. The up -based‘ closed ‘1loop system shows better
performance over the other systems. However, this drive
showed sustained speed oscillations. This . éalls for
more rigorous analytical studies of the <closed 1loop
drive. The speed and current measurement loops neegd
improvemenﬁs sSo "as to process the errors in shorter

times.



CHAPTER 7
CONCLUSIONS

‘The design, fabrication and ©performance evaluation
of a microprocessor based closed loop chopper fed separately

‘excited DC drive has been discussed in this dissertation.

The power <circuit used is a single quadrant, current
commutated chopper - with tWo thyristors and three power
diodes. The commutating components L vand C were designed
and the operation principle of the power circuit was explained
with waveforms. The closed loop control scheme incorporating
speed and current loops was implemented entirely’ by the
np software. The flow chart for most of the software was
given. The drive system was simulated on a computer to
theoretically design the controller parameters. Finally,
the performance evaluation of the up based drive was done

with the experimental results obtained.

It was found that the 'praCtical values 'used of the
controller parameters were slightly different from those
of the theofetical ones. The deviation was small for current
controller parameters and large for that of the speed controller.
This 1is obvious from the fact that, inherently, the current
controller of the inner current lbop imparts a restriction}
on the speed controller of the outer speed loop. The other

reasons may be

1) inaccuracies in the measurement of the motor parameters
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which are used for the simulation studies,

2) inaccuracies in the 'preparation' of the mathematical
model i.e. certain time delays of the system are
neglected. The drive must really be simulated

as a discrete time system.

3) The inaccuracies in the computation methods (Runge-
Kutta method for . the numerical solution of the

differential equatioh).

But, as already mentioned in Section 6.3, the different
values of the parameters of  the controller, closely conform
with the region of stability determined analytically. The
practical limitations of the actual set up also contribute
for not achieving the desired performance of non oscillatory

system (both in speed and current). They are

1) Inaccuracy in measurement of speed.
Taking 1 bit = 1 rpm, a maximum of *5 rpm error
(since actual speed = COUNT * 5) can exist in

the measurement of speed by the pp.
2) Inaccuracy in current measurement.

The filtering of current used for feed back purpose
is not perfect. This  can cause oscillations in

the drive variables.

3) The machine being a low inertia one, responded

to the actual variation in T in closed loop

on @4 Topp
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and this discrepancy would not have been there,

if the machine were to have high inertia.

But nevertheless, the microprocessor based system
gives Dbetter performance than the conventional one .as 1is

obvious from our results.

Scope for Future Work

The author would 1like to suggest the following for

the improvement of the system.

1) improvement in +the optical shaft encoder so  that,

the speed sampling could be done at a fast rate.
2) using faster speed measurement algorithms.

3) using a faster '~ processor such as INTEL 8086 to

reduce the execution time.

4) the simulation of the drive as a discrete time
system with a view to coordinate its parameters
for 'satisfactory performance and investigate its

. transient performance,

5) at least 2 quadrant dc chopper to further improve

the performance.

6) using modern adaptive <control methods such - as
variable structure (vss) control method as against

conventional one used.
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APPENDIX - A

PARAMETER PLANE SYNTHESIS METHOD

A process 1is said to be stablé if for any small initial
deviations, the equilibrium is :estofed 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 appearance
of these initial deviations. 1In the case o0f 1linear model,
if it is stable for small disturbances then .it is stable
with respect to lanf other disturbance; The necessary and
sufficient <condition for the stability (i.e. in the case
when the process is déscribed by a set of linear differential
equations) is that all the real roots of the characteristic
equation be negativg and all complex rdots have a negative

real part.

Usually the techniques employed for studying thé 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 1is the D—partition' method. This method was
presented first by Neimark 'in 1948. This method can be used
to study the effect of two parameters of the control system

on stability and transient performance.
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With regard to stability analysis, the method provides
a possibility of defining the relative stability of control
system as the numbers of roots of <characteristic equation
relative to a specified s-plane contour of a general shape.
The plane with the two adjustable parameters as coordinaté
axes is termed as 'Parameter Plane'., The parameter plane
method can also be extehded in case of nén-linear and sample

data system.

Parameter Mapping

‘The idea of system design is to obtain a simple correlation
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 <c¢an be done by parameter plane

synthesis method.

The parameter plane method is based on a mapping procedure
that transform poihts from the complex s( 0, w ) plane on to the
parameter ¢ - 8 plane. In the general case, the mapping function

is an nth degree algebric equation

n
F(s) = r as =0
- where s is the complex variable defined by

s =-0+ Jjw
j dl

and ak are the coefficients that are functions of two real

parameters a¢and B i.e.

ak_'= a (@, B), k=0,1,2, ... ,n



(for wg # 0 or ®) are simply oriented in accordance with the
shading of complex boﬁndaries. The shading of such a spatial
line must be done twice on the same side as that on the
complex root boundary‘ at their point of intersection. The
spatial 1lines at wg = 0 and wg = @ are also shaded with
this rule but they are shaded only once. The root leaves
the qontour if. it goes from a shaded region to .the unshaded
region and enters the contour if it goes from unshaded to.shaded
region. After the boundaries are appropriately shaded, the
relative number of roots in each bounded region 1is easily
determined. for doing this, firsély the region with maximum
values of roots on.the left side in.the s-plane is established
by 1inspection of the plot. for ascertaining stable region
.point in the region with maximum number of roots is selected
and the stability of the system is checked by the Frequency
Scanning Technique. Tf the system is stable at this point

then this entire enclosed region is also a stable region.

Frequency Scanning Technique (The Mikhailov Criterion)

A system is said stable, proVided its characteristic

equation

S + tieees ta_ =20 (A.9)

satisfies the following conditions:

(i) _F(jw) # 0 at w=0 i.e. a # 0
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Separating terms containing « and B results in following

two equations:

)

i
o

u(o,wdm,8)=uslm,wd)+8Qlwywd)*-le;w (A.5)

d

i
(]

v(o,wd,u, B) = 0‘52(“'%) + BQ2(G’wd) + Rz(ﬁ,wd) (A.6)

Solving equations (A.5) and (A.6) with réspect of o and

B for each W 4 give

TR Y
TRy Q) 9 Ry - Q) Ry
© T T -, "85 09,°5,0 (a.7)
Sl Ql 1 >*2 2 °1
S, 9
517 Ry
IS, =Ry S.R, - S,R
- 21 172 :
B— - —SQ__SQ (Aa8)
Sl er 172 271
Sy 9
The equations (A.5) and (A.6) determine one value

A

ofr « . and one: Qélhe of: B -as. given by._equationé;_(A,7);¢and

(A.8) for each W qr only when these equations are simultaneous

and independent.

If for some value of W say wc, the numerator and

dl
denominator becomes zero, then for this value of Wqr the two
~equations (A.5) and (A.6) are linearly dependent to each

other and a straight line 1s obtained instead of a point
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in the ¢ - B plane, known as spatial line. In this case, either
of the equations (A.5) and (A.6) is the equation of the
straight 1line when this wvalue of W 4 is substituted. If the
coefficient of the highest term of the characteristic equation

depends on the parameter a« and B, then by equating this

coefficient to zero spatial line atwd = o 15 obtained. Similarly,
a spatial line atw = 0 is obtained by equating the coefficient
of the 1lowest (free) term of the characteristic equation
to zero. |

In order to find the number of roots in the wvarious
region obtained in tﬁe parameter plane by the plotted boundaries
1t 1s necessary to know whether a root is leaving or entering
the s-plane contour as shown in Figs. (A.1), (A.2), (A.3)
at the instant that point goes over a boundary in the parameter
plane. In order to know whether the roots are Jeavjng' or
entering the s-plane ‘contour, the boundary curves should
be appropriately shaded. The side of the boundary to be

shaded 1is determined according to sign of the denominator

5, 9 |
A where A = Facing the direction in which w, is
s. o, | 4
2 2
increasing the boundary curves in the o - B plane are shaded

on the 1left side if A > 0 and on the right 3ide, if A > 0.
Usually, the curve 1is traversed twice, once :wben- wg goes
from -« to 0 and next when it changes from 0 to ;-w . It is
shaded both the times on the same side, as the sign of A changes

with change in sign of w, (A is an odd function of wg ). After

d

the complex root boundaries are shaded, the spatial 1lines
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If to a given pair of number (o0o,, ) there corresponds

_ “a1
1’ Bl) so that mapping equation F(s) = 0 is
satisfied, then for @, and 'Bl,

Therefore, the defined mapping can be regarded

a pair of numbers (a
the'equation has a root pair
s, = -9 + juﬁl'
as a transformation of the points (o, wd) for the complex
s-plane, which represents roof values of the algebraic equation
F(s) = 0, to certain points of parameter‘a - B plane. This 1is

referred to as parameter mappiﬁg. The same theory 1is also

applicable for s = -&w N t jwn\/l—g2 in (€,U)n) plane.

Now, <considering the case when two parameters «a and
B enter into the characteristic eguation linearly so that

the characteristic equation canrbe'reduced to the form.
F(s) = os(s) + BQ(s) + R(s) =0 (A.1)

Substituting s = -o+jw in equation (A.l) and separating

real and imaginary parts, results in following egquation.
aS(-O+de)+8Q(—o+jwd)+R(—0+de) = 0
or ulo, CUdr a, B) + jV(Or wdr a B) =0 (A.2)

In order to construct the boundary of the D-partition

it 1s necessary to determine o and R for each wd by solving
simuitaneously the two equations:
u(o, war oy g) =20 A (A.3)
vio, w.,, a, B) =0 (A.4)

d



(ii) The 1locus of the end points of the vector F(Jjw ), when
w varies from 0 to o, 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 zl, Zorenny z -

then provided ag = 1, equation (A.9) can be expressed in the fom

) (s-2

F(s) = (s-2,) (s—z2 e n)

1

Substituting s = J w

F(jw) = (Ju-z,) (Jo- zz)‘ e (G - 2

F(J w) constitutes a vector whose modulus 1is equal
to the product of the moduli of all the vectorial factors
and whose argument 1S equal tO the sum of the arguments of

all the vectorial factors.

At w = 0, the vector F(Jw ) has a pure real value, F(0)
with Jits arguments equal to zero. As w is wvaried from 0
to «, the angle of term associated with a real root changes
by /2, and for each pair of conjugate rootsiby 1. Consequently
for an nth order equatjon,;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(n/2).



APPENDIX - B

B.1l Measurement of DC Machine parameters

The armature resistance Ra of motor as measured by
voltmeter - ammeter method is found to be 4.0 ohms. The
impedance Za of the armature as measured at ac supply frequency
of 50 Hz is found to be 46.27 ohms. Therefore, armature
inductance is equal ﬁo 0.147 H. The back emf constant Kb
of the motor is obtained by running the machine as a generator

at constant field current and is found to be 1.86 volts/rad/sec.

The dc motor 1is loaded by 'means of a dc generator
(with constant 'field excitation) supplying a fixed resistor.
Therefore the load torque TL is proportional to the speed

W and the proportionality constant B is defined by the

equation

TL = BUﬁ

The viscous friction only increases this proportion-
ality constant. For the operating condition used, this
pfoportionality constant (viscous friction constant included
in load oﬁ the motor) is determined experimentally and

is found to be 0.08 Nw-mt/rad/sec.

The moment of inertia of the -motor - together with
load generator is determined by the 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
kinetic energy is used to meet rotational losses i.e. friction,

windage and iron loss.

Loss due to rotation p = d/dt (K.E.)
= d/dt(%Jw;)
dwm
- me dt
Since w_ = 2mn/60, n is motor speed in rev/min
dw
m - _ 27 dn
and  —3¢ = %0 qt
- (2T g, dn dn
p = ( O) J n ac - 0.0109 J n ac

Average load current during retardation test Ia 1.5+ 1.4

1.45 A

The time is measured for approximately 10% drop in speed

i.e. from 220 V to 200 V at fixed field excitation. The

tests gave following readings:

a) Without additional load t = 0.65 secs.

b) With additional load t'

0.45 secs.

Rotational losses p = p'

where p' = losses due to additional load

. 0.45 ,
- P =P G545 - 2% P

Average voltage during retardation test = 239_%_ZQ9

= 210 VvV



also p' = 1.45 x 210 = 304.5 Watts

11

p 2.25 x 304.5 = 685.12 Watts

For determination of g%, a graph is plotted between armature
voltage (proportional to speed) as a function of time as

shown in Fig. B.1l.

The speed of the motor n = 1050 rpm

Since 220 V corresponds to 1200 rpm, hence 1 V corresponds

to 5.45 rpm.

From graph,

dn

ac - 5.45 x w5 = 136 rpm/sec

5
0.2

p
0.0109 n (dn/dt)

685.12
0.0109 x 1050 x 136

0.4389 kg.m?

JR
a

The mechanical time constant T = 5
K

b

0.4389 x 4.0

(1.86)°2

0.503 sec

The electrical time constant T4 of the armature circuit is

found to be 37 msec.
B.2 Speed Transducer
As already descrjbeé, the speed transducer consists

of an optical shaft encoder and the speed is measured by

Mp. If N* js the speed fed back to the wp (in rpm) and W 1S
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the actual speed in rad/sec, the gain of the speed transducer

is given as
H, = — = 9,54

The relation between the actual speed as measured by the

tachometer and the microprocesor is shown by means of Fig. B.2.

B.3 Current Transducer

As already mentioned, the armature current is sampled,
and is measured by mp through ADC. If Ia is the actual current
and I* 1s the curred fed back tche np then, the gain of the

current transducer 1s given as

*
R:ﬁ— = 0.5412 (Section 5.2.5)

Q

The relation between the actual <current as measured by,

the Armature and the microprocessor is shown by means of

Fig. B.3.
Actual speed Speed as Meas Actual current Current as
in RPM by up (RPM) in AMPS measured by up
AMPS
100 105 1 .89
200 205
300 208 2 1.92
400 410
- 500 510 3 2.98
600 610 : :
700 709 4 3.90
800 815
900 915 5 4.80

1000 1017
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STMULATION PROGRAMS APPENDIX-D
00100 C PROGRAM NO 1
00200 C 33 ok o ok ok oK ok ok 3 O 0K ook e ok o o sk o K sk ok K skok Ok Nk ok K ok sk kK oK R OK ok ok sk ok R K oK %Ok K
00300 C DETERMINATION OF THE REGION OF RRLATIVE STABILITY
00400 C NF CURRENT LOGP IN THE PLANE OF TWO PARAMETERS
00500 C ALPHA AND BETA WITH THE VARIATIUN IN SIGMA
00600 € USTHG D=DECOMPOSITION METHOD
00700 ¢ 3 e sk ok sk ook ot ok 0Ok K KOK Sk oK st oK sk K K ook 0ok KKk 3K ORI KKK KoK KOk R Kok ok KRR ROk K
n0R00 C VARIABLES USFD
00900 C AR Ok RO R R KR K
01000 C ALPHA=INVERSE OF GAIN K1
01100 € RETA=INVERSE UF THE TIME COMSTANT TC1
01200 € S=COMPLEX FREQUENCY
01300 € ALR=COEFF,0F ALPHA OF REAL EQUATION
01400 C ALI=COREFF. OF ALPHA OF IMAGINARY EQUATION
01500 C BTR=COEFF, OF BETA OF REAL EQUATION
01600 C BTI=COEFF, OF BETA OF IMAGINARY EQUATION
01700 ¢ COEFR=CONSTANT TERM IN REAL EQUATION
01800 C COEFTI=CONSTANT TERM IN IMAGINARY EQUATIQN
01900 C **A******************************************************
02000 COMPLEX S,F1,F2,5F1,SF2
02100 F1(S)=CHXR¥TM¥CEXP (=S¥T)*(S+B/AJ) /RA
02200 F208)=(1+(1a+S¥TAYX(S+B/AJ)*TM)
02300 OPEN(UNIT=1,FILE='ST1.DAT")
02400 READCY,*)CH,R,TH,B,AJ,RA,TA,T
02500 PRINT 5, CH,R,TM,B,AJ,RA,TA,T
02600 5 FORMAT(5X, 'CH="',F7.5,'R="',F7.5, '"TH="',F7.5, 'B=",
02700 1F7.5, 'AJ=',F7.5,'RA=',F7,5,'TA=',F7.5,'"t=",F7.5)
02800 OMFEGA=0,0
02900 ~ 81GMA=0,15
03000 20 S=CHPLX(=SIGMA, OMEGA)
03100 SF2=S¥F2(S)
03200 " SF1=S%F1(S)
03300 ALR=REAL (SF2)
03400 ALT=AIMAG(SF2)
03500 BTR=REAL(F1(S)) .
03600 BTTI=AIMAG(F1(S))

03700 COEFR=REAL(SF1)



03800
03900
04000
04100
04200
04300

PAGE: 2

SIMULATION PROGRAMS

04400 C
04500 C

04520
04540
04560
04580
04600
05009
05100
05200
05300
05400
05500
05A00
05610
05620
05640
05700
05800
05900
06000
06100
06200
06300
06400
06500
06600
06700
00100
nG200
00300

60

26

25

27

10

200

30
800

C
C

C

COEFI=AIMAG(SF1)

DEN=BTIXALR~-RTR*ALI

AHUM=BTR*COEFI-BTI*COEFR

BHUN=ALI*COEFR=ALR*COEFI

IF (DEN.NE.0.) ¢O TD 10

IF (ANUM.NE.0.) GO TO 200

s s sk o ok sk 38 ok K AR N st ok ok Kok 3K ol iR K 0% Kk ok Kk sk sk Sk Ok s koK kokok ROk R KRR KRR R ROR %K
CALCULATION OF SPATIAL LINE COORDIMATES

PRINT &0,5IGMA ,OMEGA ,ALR,BTR, COEFR,COEFI,ALI,BTI
FORMAT(5X, 'SIGMA="',F7.3, 'OMEGA=',7.3, 'ALR="

1,F7.3, 'BTR=',E12.5,'COEFR=',E12.5,'COEFI=",E12,5,"
2,ALI=',E12.5,'BTI=",E12.5)

% ok sk ok o oK o 36K 2 o K o ok o kK sl o s SR K sk sk ROK K KKK OK SRR KR SROR R OKIOIOR R R ROR RO R
AL=0.

DO 25 K=1,60

BT==(AL*ALR+COEFR) /BTR

PRINT 26,AL,RYT

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

AL=AL+10,

CONTINUE

PRINT 27

FURMAT(//5X,'S=', 28X,' ALPHA=',13X,'BETA=',9X, 'ANUM
1=',9X, 'BRUM=",9X, 'DEN=',9X, 'OMEGA="'//)
#**********************************************************
GO TD 200

ALPHA=ANUM/DEN

BETA=BMUM/DEN

PRTHT 30, S,ALPHA,BETA,ANUM,BNUM,DEN,OMEGA

IF (OMEGA,GE.200) GO TO 800

OMEGA=OMEGA+2

GO TH 20

FORMAT(5X,8(E12,4,3X))

STOP

FiD

PROCRAM  NO 2

3 5Kk s K st e 3K oK OK 20K e s e o skl s oK oK ok e Ok k0K R KRR S OROKOR 3K KRRk R R R RROR X
DETERMINATIGN oF THE REGION OF RELATIVE STABILITY
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SIMULATION PROGRAMS

00400 C OF CURRENT LOOP IW THE PLANE OF TWO PARAMETERS
00500 C ALPHA AND BETA wITH THE VARIATION IN DAMPING RATIOD
nohe00 C USING D=DECOMPOSITION MMETHOD

00700 C K Sk o oK o ok SOR B KK S sk RS KRR OR B ok sk ok R ROKCR SR HOR Kok SRR Kok R ORsRoR R R R R KK
00800 C VARIARLES USED

00900 C $okokok koK ok R KR AR R X

01000 ¢ ALPHA=INVERSE 0OF GAIN K1

01100 C BETA=INVERSE UF THE TIME CONSTANT TCl

01200 C S=CUOMPLEX FREQUENCY

01300 C ALR=COEFF.O0F ALPHA OF REAL EQUATION

01400 C ALI=COEFF, OF ALPHA OF IMAGINARY EQUATION

01500 C RTR=CUEFF, OF BETA OF REAL EQUATION

01600 C BTI=COEFF, OF BETA OF IMAGINARY EQUATION

01700 C COFFR=CONSTANT TERM IN REAL EQUATION

01800 C COFRFI=CUNSTANT TERM IN IMAGIMARY EQUATION

01900 C KOk ok 3K oK 30K 30K KK KK e 30K S K R R K KR AOK KKK R IOKOKOR X ORKOR SRR R OR R R KRR R
02000 COMPLEX S,F1,F2,8F1,SF2

02100 FL(S)=CHXR*TM*CEXP (~S*T)X(5+B/AJ)/RA

02200 F2(8)=(l.+(1+S¥TAY¥(S+B/AJ)*TM) ‘

02300 OPEH(UNIT=1,FILE='ST1,DATY)

02400 READ (1,%) CH,R,TH,B,AJ,RA,TIA,T

02500 ~PRINT 5, CH,R,TH,B,AJ,RA,TA,T

02600 5 FORMAT(5X, 'CH="' ,F7.5,'R=',¥7,5,'TH="',F7,5,'B=",
02700 17,5, 'AJ=',F7,5,'RA=',F7,5,'TA=" ,F7,5,'T=',F7.5)
02800 ONEGA=0,0

02900 ZHI=0,0

02950 RR==0OMEGAXZHI

02975 AR=UMEGAXSQRT (1 ,~ZBI*%2)

03000 20 S=CHPLX(RR,AR)

03100 S 2=8%F2(8)

03200 SF1=S%F1(58)

03300 ALR=REAL (SF2)

03400 ALI=AIMAG(SF2)

03500 BTR=REAL(FL1(S))

03600 BTI=AIMAG(F1(S))

03700 COEFR=REAL(SF1)

03800 COEFI=AIMAG(SF1)
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SIMULATION PRUGRAMS

00500 C KRR KKK KK Ok ok s ok Ko KRR Rk ok RS RKK K K Ok KoK ok Rk KR R KRR K
00600 COMPLEY, S, F1,Fr2,SF2,SF1,D

00700 F1(S)=CH*R¥TMXCEXP (=SXT)*(S+B/AJ)/RA

00800 F2¢8)=(1.4(1.+S*TA)¥(S+B/AJ)*IMN)

00900 OPEN (UNIT=1,FILE='ST1.DAT')

01000 READ (1,%) CH,R,TM,B,AJ,RA,TA,T

01100 PRINT 5, CH,R,TM,B,AJ,RA,TA,T

01200 5 FORMAT(5X, 'CH=",F7,5,'R=',F7,5,'TM=",F7.5,'B=",
01300 1¥7.5, 'AJ=',F7,5,'RA="',F7,5,'TA="',F7.5,'T=",F7.5)
01400 SIGMA==0.15

01500 ALPHA=40

01600 BETA=100

01700 PRINT *, ALPHA,BETA,SIGMA

01800 NMEGA=0,0

01900 PRINT 140

02000 140 FORMAT(//,16X, 'OMEGA=",19X,'D',//)

02100 PO 150 [=1,200

02200 S=CHPLX (SIGMA, OMEGA)

02300 N=ALPHAXS*F2(S) +BETAXF1 (S)+58%F1(8)

02400 PRIHT 160 ,0MEGA,D

02500 TYPE 160, OMEGA,D

02600 160 FORMAT(5X,E21.5,15X,2E13,5)

02700 150 OHEGA=OMEGA+2.0

02800 STOP

02900 FND

00100 C PROGRAM NO 4

00200 C ook s ROROKCRROR KR ok s K OR KOKROK KR ROROROR KR AOKKROR ko sk 3 OROK ok ok KRR 0K ROk
00300 C FREQUENCY SCANNTNG TECHNIQUE FOR CURRENT LOOP WHIT
00400 C THE VARIATION Iy DAMPING RATIO

00500 C K 2 KK KR OR KO K KR AR ORR R AR R AOR K ROR K R AOR KRR R KR OR R OR KRR R H KKK
00600 COMPLEX S, F1,F2,8F2,8F1,D

00700 F1(S)=CH*R¥TMXCEXP (~S¥T)*(S+B/AJ)/RA

00800 F2¢8)=(1a+ (L. +SXTAY*(S+B/AJIXTM)

00900 OPEN (UNIT=1,FILE='ST1.DAT')

01000 REEAD (1,%) CH,R,TM,B,AJ,RA,TA,T

01100 PRINT 5,  CH,R,TM,B,AJ,RA,TA,T

01200 5 FORMAT(5X, 'CH=",F7.5,'R=",F7.5,"'"IM=" ,F7,5,'B=",



01300
01400
01500
(1600
01700
01800
01900
02000
N2100
02200
02300
02400
02500
02600
N2700
02800
02900
03000
00100
00200
00300
00400
00500
00600
00700
noson
00900
D1000
01100
01200
01300
01400
01500
01600
01700
01800
01900
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SIMULATION PROGRAMS

140

160
150

O O N MY NN

1¥7.5, '"AJ=',F7,5,'RA=',F7,.5,'TA=",F7.5,'T="',F7.5)
ZHI=0.,7

ALPHA=10

BETA=10

PRINYT *, ALPHA,BETA,ZHI

OMEGA=0,0

PRINT 140

FORMAT(//,16X,'OMEGA=" ,19X,'D',//)

PO 150 I=1,600,10

RR==0OHEGAXZHI

AR=ONEGAXSORT (1, =7ZHI*ZHI)

S=CMPLX(RR,AR)

D=ALPHAXS*F2(S)+BETAXF1(S)+S*F1(8)

PRIMT 160 ,0MEGA,D

FORMAT(5X,E21,5,15X,2E13.5)

OMEGA=0MEGA+2

STOP |

END

FROGRAM NO B

K 0K s KR KRR s ok KK 3 KKK KOK 3K 3 KK 3K R KoK KK o ok K R O KRR R R OR K
TRANSIENT RESPONSE OF SPEED LOOP WITH A STEP REFERENE
TNPUT FOR  DIFFERENT VALUES OF SPEED CONTROLLER GAIN AND
TIME  CONSTANT

3K 3 oK KKK R %K oK K oK o ok KO K KK O SR KR KK R R 3R OK KK R ok KK R ROk 3 oK KR R R R R Ok
VARIABLES USED

T = INDEPENDEMT VARIABLE (TIME)

DY = DESIRED TIME STEP FOR NUMERICAL INTEGRATICN

NEQ= HUMBER OF @IRST ORDER DIFFERENTIAL EQUATIONS
DIMENSION TIME(1000),X(1000,2),XX(2),F(2),Y1(2),YJ(2),
1YK(2),YL(2),0l(2)

compmoOn T1,CF

npeM (UNIT=41,FILE='PA3,DAT')
XX(1)=0,0,XX(2)=0,0,XX(3)=0,0,XX(4)=0.0

CF = R%XX(2)

T1=0.0,NEQ=2,DT=0,04,T=0.0

NSTEP=1000

DN 40 I=1,NSTEP



02000
02100
n2200
02300
02400
02500
02600
02700
02800
02900
03000
03100
03200
03300
03400
03500
03600
03700
(3800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
05000
05100
05200
09300
05400
05500
0b600
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SIMULATION PROGRAMS

20

111
40

10

30

80

30

(!

CALL RUHYGE(T,DT,NEQ,XX,F,YI,YJ,YK,YL,UU)
TIME(I)=T
DO 20 J=1,NEQ
X(I,3)=XX(J)
VRITE (1,111) (TIME(I),X(I,2))
FORMAT(5X,2(F12,5,3X))
CONTINUE
END
35K s o o kR R K K s ok K KRR K R KKK KK K 8K R KK K S K KoK K KK R K KR KKK R o
SURROUTINE RUMGE(CT,DT,NEQ,XX,F,YI,YJ,YK,YL,Ul)
Sk o o ok o K o K K K sk ok ok sk koK s R SR SR oK oK Sk oK sk oK 3K ok sk sk ko sk o ok ok 3K o ok 3K oK 3K O SKKOR ok K
DIMENSION YI(NEQ),YJ(NEQ),YK(NEQ),YL(NEQ),XX(NEQ),F(NEQ),UU(NEQ
comnon 1T1,CF
DN1o 1=1,HEQ
HI(I)=XX(1)
CALL FINCXX,F,NEQ,T)
DO 50I=1,NEQ
YI(I)=F(I)*DT
XX(1)=Uu(X)+Y1(1)/2.0
TET+DT/2.0
CALYL FTN(XX,F,NEQ,T)
DO 301=1,NEQ
YJ(I)=F(I)*DT
XX =tu(1l+YJ(1ys2.0
CALL FTHN(XX,F,NEQ,T)
DO g01I=1,NEQ
YK(I)=F(I)*DT
XXC1)=UUC(I)+YK(D)
T=T+D1/2.0
CALL FON(XX,F,Ngo,T)
NO90I=1,NEQ
YLCI)=F(I)*DT
XX(D)=UUCID)+(YI(I)+2.0%YJ(T)I+2,0%YK(T)+YL(I)) /6.0
RETURN
END
ok ok KR KR KoK 3K K 0K oo ok sk K KK 3K 3R SO 3K SRR oK ok SR ok KK o o R KoK KK R K KRR R KK KRR K ok
SUBROUTINE FTN(XX,F,NEQ,T)
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05700 C Kk ok oK ok KKK S ok 3 kKK KK KR KR KOR K OK R KR KK K S oK SOk 3 K SOR KK SRR R Rk K
05800 PDIMENSIUN XX(NEQ),F(NEQ)

05900 compon T1,CF

06000 OPERC(UNIT=2,DEVICE='DSK' ,FILE='PX9,DAT")

06100 READ(2,%)CH,R,AL,AKL,TC1,B,AJ,RA,TA,TH

06200 V(C2=1,0

06300 IF ((T=T1).GE.0,01) GO TO {0

06400 GO 10 20

06500 10 CF=R*XX(2)

06600 Ti=T

06700 20 EC1=VC2=~CF

06800 VC1=XXC1)+AKI*(RCL)

06900 F(1)=AK1/7CL*(EC1)

07000 FEA=VC1%CH

07100 IF(EA,CE.200) Epa=200

07200 IF (EA.LE.33) EA=33

07300 F(2)=(EA=~XX(2)*RA)/AL

07400 RETURN

07500 ~ END |

00100 C PROGRAM NO 6

00200 C O ok o oK 33 KRR 3R OR oK K 3 K KK K KK RO K KKK KoK oK KK KK R KKK R KR K
00300 C DETERMIWATION oF THE REGION OF RELATIVE STABILITY
00400 ¢ OF SPEED LOOP Iy THE PLANE OF TWO PARAMETERS

00500 C ALPHA AND BETA wITH THE VARIATION IN SIGMA

00600 C USING D=DECOMPOSTITION METHOD

00700 C KK KKK ROR K sk oK KO KK K R K 3 KRR oK 3 KR KK Kok K KR KKK K
00ROO C VARIABLES USED

00900 C FRRAORROK KRR KKK

01000 C ALPHA=INVERSE OF GAIN Kl

01100 C RETA=INVERSE (OF THE TIME CONSTANT TC1

01200 C S=COMPLEX FREQUENCY ‘

01300 C ALR=COEFF,0F ALpHA OF REAL EQUATION _

01400 C ALI=CQEFF, OF A1, PHA OF IMAGINARY EQUATION

01500 C RTR=CUEFF,. OF BETA OF REAL EQUATION

01600 C BTI=COEFF, OF BETA OF IMAGINARY EQUATION

01700 C COEFR=CUNSTANT TERM IN REAL EQUATION

01800 ¢ CORFPI=CONSTANT TERM IN IMAGINARY EQUATION
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01900 C 3 3¢ 3 Ok sk ok o K 3k 3 kK ol K sk ook ok K R KK KR R R KK ROR SOR S 3OR sk R R0k koK e koRoR R R R R R KR
02000 compLeX s,F1,F2,5¢1,8F2,F3,F4,SF3,5F4

02100 F1(S)=AK1*(1+ (S*TC1))*CH*(S+B/AJ)*TM/RA

02200 F2(S)=S*TC1*¥ (144 (1. +S¥TAIX(S+B/AJ)*TM)

02300 F3(S)=F1(S)*AKB*HW*CEXP (=S*T2) /AJ

02400 F4(S)=(F2(S)+F1(S)*R¥CEXP(=S*T1))*(S+B/AJ)

02500 OPEN(UNIT=1,FILE='ST2.DAT')

02600 READ (1,%) CH,R,TM,B,AJ,RA,TA,T1,T2,AK1,TC1,AKB,HY
02700 DO 800 I=1,10

02800 SIGHA=I~1,0

02900 PRINT 28, SIGHMA

03000 28 FORMAT ('1’,'SIGMA=',F6.4)

03100 PRINT 6, CH,R,TM,B,AJ,RA,TA,T1,T2,AK1,TC1,AKB,HH
03200 6 FORMAT(5X, 'CH=',F7.5,5X, 'R=",F7.5,5X, 'Ty=",F

03300 17.5,5X,'B=',F7.5,5X,'AJ=",F7.5,5X, 'RA=" ,F1,5,
03400 25X, 'TA=',F7.5 ,5X,'T1=',F7.5,5X,'T2=',F7.5,5X,
03500 3'AK1=',F10.5,5%,'TC1=",F7.5, 'AKB=",F7.5,5X, 'HW="',F7,5)
03600 NEEGA=0,0 -
03700 20 S=CHPLX(~SIGMA,OMEGA)

03800 SF2=S¥F2(8)

03900 SF1=S%F1(3)

04000 SF4=5%F4(3)

04100 SF3=SXF3(S)

04200 ALR=REAL(SF4)

04300 ALI=AIMAG(SF4)

04400 BTR=REAL(F3(S))

04500 BTI=AIMAG(F3(S))

04600 CURFR=REAL(SF3)

04700 COEFI=AIMAG(SF3)

04800 DEM=BTI*ALR=BTR*ALIL

04900 ANUM=BTR¥COEFI~pTI*COEFR

05000 BHIL=ALI*COEFR=ALR*COEFI

05100 IF (DEM.NE.0,) GO TO 10

05200 IF (ANUNL.NE,0.) GO TO 200

05300 GO TO 200

05400 10 ALPHAZANUM/DEN

05500 BETA=BNUM/DEN



05600
05700
05800
05900
06000
06100
00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
nL700
01800
01900
02000
02100
02200
02300
02400
02500
02600
N2700
02800
02900
03000
03100
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SIMULATION PROGRAMS

200

800

O N N N O O 00 0 MmO n NN

(@]

m O O 0O O

28

PRINT *,S,ALPHA,BETA,ANUM,BNUM,DEN,OMEGA
IF(UMEGA.GE.200,0) GO TO 800
OMEGA=OMEGA+2,0

GO 10O 20
CONTINVE
END

PROGRAM NO 7

3K o sk 3K o 3K S Kok % KR K e ok ok sk 3k ok ok R K K R R 3R 3K K 3K R R KK K K oK K R K R KK R R KK R K
DETERMINATION OF THE REGION OF RELATIVE STABILITY
OF SPEED LOOP In THE PLANE OF TWO PARAMETERS

ALPHA AND BETA WITH THE VARIATION IN ZHI

USINLG D-DECOMPOSI'WION METHOD

S e Kok o R SRR R KKK o SR sk KRR KK AOK SR KSK R KKK R KSR R K 3K OROK R KRk R KK
VARIABLES USED

0K 0k A ok kR R ok Kok X

ALPHA=INVERSE OF GAIN K1

RETA=INVERSE OF THE TIME CONSTANT TC1

S=CUNPLEX FREQUENCY

ALR=COEFF.OF ALPHA OF REAL EQUATTON

ALI=CORFF. OF ALPHA OF IMAGINARY EQUATION
BTR=COEFF, OF BETA OF REAL EQUATION

RTI=COEFF, OF BETA OF IMAGINARY EQUATION
CUEFR=CONSTANT TERM IN REAL EQUATION

COEFI=CUNSTANT TERM IN IMAGINARY EQUATION
33323333 IETTRITELIIEIE TR+ 2E 2SI LTETEL IS 2L LS
COMPLEX S,F1,F2,SF1,SF2,F3,F4,5F3,SF4

FL1(S)=AK1*(1+ (S¥TC1))*¥CHX(S+B/AJ)*¥TM/RA
F2(S)=S¥TCL¥(1,+ (1. +S¥TAYX(S+B/AJ)XTM)
F3(§)=F1(S)¥AKB*HH*¥CEXP (=S%T2) /AJ
FA(S)=CF2(S)+F1 (S)XR¥CEXP (~S*T1) ) * (S+B/AJ)
OPEE(UNIT=1,FILE='ST2.DAT')

READ (1,%) CH,R,TM,B,AJ,RA,TA,T1,T2,AKL,TC1,AKB,HN
DO 800 I=1,7

ZHI=(TI=1,0)/10

PRINT 28, ZHI

FORMAT ('1','ZHI=',F6.4)

PRINT 6, CH,R,TM,B,AJd,RA,TA,T1,T2,AK],TC1,AKB, HY



03200
N3300
03400
03509
03600
03700
03800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
05000
05100
05200
05300
05400
05500
05600
N5700
05800
05900
06000
06100
06200
06300
00100
00200
00300
00400
00500

6

20

10

20

80

O N0 0N

AGE:
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FORMAT(5X, 'CH=",F7.5,5X, 'R=",F7.5,5X, 'TM=" F
17.5,5X,'8=',F7.5,5X, 'AJ=" ,F7.5,5X, '"RA=" ,F7.5,
25X, 'TA=',F7.5 ,5X,'Ti=',F7,5,5X,'T2=",F7.5,5X,
3'AK1=",F10,5,5x, ' TC1=" ,F7.5, 'AKB=",F7.5,5X, 'HW=" ,F7,5)
OMEGA=0,0

RR==0OMEGA*¥ZHI

AA=OMEGAXSORT (1, =ZHI*%2)

S=CMPLX (RR,AR)

SF2=S%F2(§)

SF1=S%F1(S)

SF4=SXFA(S)

SF3=SXF3(5)

ALR=REAL (SF4)

ALI=AIMAG(SF4)

RTR=REAL(F3(S))

BTI=AIMAG(F3(S))

COEFR=REAL (SF3)

COEFI=AIMAG(SF3)

DEN=BTI*ALR=BTR¥ALI

ANUN=BTR*COEFI-BTI*COEFR
BNUM=ALI*COEFR=ALR*CUEF L

IF (DEN.NE.O.) GO TO 10

IF (ANUM.NE,O0,) GO TO 200

GO TO 200

ALPHA=ANUM/DEN

BETA=BNUM/DEN

PRINT %,S,RLPHA,BETA,ANUM,BNUM,DEN,OMEGA

1F (OMEGALGE.200,0) GO TO 800

0 OMEGA=OMEGA+2.,0
GO TO 20

0 CONTINUE
END

PROGRAM NO 8

SRR F KK KK KK oK o ok oK s oK oK K KKK R K K KRR KK KKK KK ORHCRORR ROk kR KRR KRRk K
FREQUENMCY SCANNING TECHNIQUE FOR SPEED LOQP WITH

THFE, VARIATION In SIGMA

R ok o s KRR AR OR oK o 30K K A fOR R OK Aok KRR K KR BOKKOK R K R KR R K koK K ROK KRR R K




500
700
300
)00
)00
L00
200
100
500
500
100
300
100
)00
00
200
100
100
500
500
700
300
300
100
200
300
100
500
500
700
300
300
100
100
200
300
400

PAGE: 12

SIMULATION PROGRAMS

140

160
150

P U TES!

[

CUMPLEX S,F1,F2,8K1,8F2,F3,F4,SF3,5F4,D
F1(S)=AKL¥(1+ (S*¥TCL))*CHX*(S+B/AJ)I*¥TM/RA
F208)=S¥TC1*(1.4(1.+SkTA)X(S+B/AJ)*TM)
F3(8)=F1(S)*AKBXHW¥XCEXP (~5%T2)/AJ
FA(S)=(F2(S)+F1(S)XR¥CEXP (=S*T1))*(5+B/AJ)
OPEN(UMIT=1,FILE='ST2,.DAT')
READ(L1,%)CH,R,T™",B,AJ,RA,TA,T1,T2,AK1,TCL,AKRB,HW
PRINT *, CH,R,TM,B,AJ,RA,TA,T1,T2,AK1,TC1,AKB, HW
SIGHA==0.1

ALPHA=10,

BETA=100

PRINT*,ALPHA,BETA,SIGMA

UMEGA=0,0

PRINT140

FORMATC//,16X, 'OMEGA=! ,19X,'D',//)

DY 150 I=1,300

S=CHPLX(SIGHMA,DMEGA)
D=ALPHAXS*F4(S)+BETAXF3I(S)+S*F3(S)

PRINT 160 ,0MEGA,D

FURKMAT(5X,E21,5,15X,2E13.5)

OMEGA=0MEGA+0,2

STOp

END

PROGRAM NO 9

e ok s K o oK oK o 2K oK K 3K e o 3K oK i K 3K oK ol R R oK 3K 3 K SR Ok KK K ok ok skok K s okok ok ok gOK R R ROK
FREQUENCY SCANNIMNG TECHNIQUE FOR SPEED LOOP WITH
"HE, VARIATION Iy ZzZHI

3 3k 3 ok koK B o K 3Kl oK age o e R o 3K SR ROR 8 o K KR R 3K 3K o % 3K 30K SO0 s ok K0k 38 i ok kK s KOR %KoK K
COMPLEX S,F1,F2,8F1,SF2,F3,F4,58F3,5K4,D
FL(S)=AK1*¥(1+ (S¥TC1))*XCH*(S+B/AJ)*¥TM/RA
F2(S)I=SXTCLR (L o+ (1. +SXTAYX(S+B/AJ)*TM)
F3(S)=F1(S)*AKBXHKXCEXP (=3%T2) /AJ
FA(S)IS(F2(S)+F1(S)*XR¥CEXP(~S*T1) )% (S+B/AJ)
OPEN(UNIT=1,FILE='ST2.DAT")
READC(L,*)CH,R,TM,B,Ad,RA,TA,T1,T2,AKL,TC1,AKB,HW
PRINT *, CH,R,TM,B,AJ,RA,TA,T1,T2,AKL,TC1,AKB, HY
ZHI=0.1



01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
02500
02600
02700
02800
02900
Nn3000
00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
N1700
01800
01900
02000
02100

SIMULATION PROUGRAMS

140

160
150

lolEe BN NEsTNEs NN NS NSNS NN

ALPHA=10.
BETA=40
PRINT*,ALPHA,BETA, ZHI
OMEGA=0.0
PRINT140
FORMAT(//,16X, "OMEGA=',19X,'D',//)
PO 150 I=1,200
RR==0MEGAXZHI
AA=OMEGA¥SQRT (1, -7ZHTI*%2)
S=CMPLX(RR,AD)
D=ALPHA*S*F4(S)+BETA¥F3(S)+S*F3(S8)
PRINT 160 ,0MEGA,D
FORWAT(5X,E21,5,15X,2E13,5)
AMECA=0OMEGA+0,2
STOP
FND
PROGRAM NO 10
3 e 3 3 3 i 36 3K 3K K ek 30 K e o e e st 3K ok Sk R ok K KK Sk i 3 K K R 0O K K sk o 0K sk ok sk Ok 0k K OK R KOK K K
TRANSIEHNT RESPONSE OF SPEED LOOP WITH A STEP REFERENE
INPUT FOR DIFFERENT VALUES QF SPEED CONTROLLER GAIN AND
TIME CONSTANT
K 2K o o R K K K K oo K o KK KO 3R SRR R KR KKK K R oK o R KK K Kok K KKK R HOR
VARIABLES USED ,
32T L3222 22T L IS L ETELELE RSS2 LELE SIS LEL LIS S
T=INDEPENDENT VARIABLE (TIME)
DT = DESIRED TIME STEP FOR NUMERICAL INTEGRATION
NEQ=MUMBER OF FIRST ORDER DIFFERENTIAL EQUATIONS
DIMENSTON TIME(200),X(200,4),XX(4),F(4),YI(4),YJ(4),
1YK(4),YL(4),uli(c4)
COMMON T1,T2,CF,SF
DPEN (UNIT=1,FILE="'SAL1.DAT')
XX(1)=0,0,XX(2)=0,0,XX(3)=0,0,XX(4)=0,0
NEQ=4:USTEP=200:DT=0,06;T1=0,0;T2=0.0
CF=0.038F=0,0;7=0,0
nO 40 I=1,NSTEP

CALL RUNGEC(T,DT,NEQ,XX,¥,YI,YJ,Y¥YK,YL,UU)
TIMECI)=T



02200
02300
02400
02500
02600
02700
02800
02900
03000
03100
03200
03300
03400
03500
03600
03700
03800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
05000
05100
05200
05300
05400
05500
05600
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05800
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SINMULATION PROGRAMS

20

111
40

10

30

80

90

Do 200=1,NEQ

Y(I,d)=XX(J)

WRITE (1,111) (TIME(I),X(1,4),X(1,3))

FORMAT(5X,3(F10,5,5X))

CONTINUE

END

KK KOk KRR KR ROK g A AOR SR OR KKK R R ROR 30K K KoK R KR R R R OK K KRKOR RR K OK KK K
SUBROYUTINE RUMGR(T,DT,MNEQ,XX,F,YI,¥J,YK,YL,Ul)

ok kiR KR RCRORK R X R ok RO R ok sk ok ok ok ok ok KOOk oK Ok R OR KK KR OR KR R ok ok Rk ok ok
DIMENSION YI(MEQ),YJ(NEQ),YK(NEQ),YL(HEQ),XX(NEQ),F(NEQ),UU(NEC
coMMON T1,72,CF,SF

DO1Q I=1,NEQ

HUCI)=XX(1)

CALL FTN(XX,F,NEQ,T)

DO 50I=1,NEQ

YI(I)=F(I)*DT

XX(1)=uCI+Y¥1r(1)s/2.9

T=T+DT/2.0

CALL FIN(XX,F,NgQ,T)

DO 30I=1,NEQ

YJ(I)=F(I)*¥DT

XX(1)=0u(I)+Y¥Ja(ry/2.0

CALL FIN(XX,F,NgQ,T)

D g0I=1,NEQ

YK(I)=F(I)*DT

XX1)=U0(I)+YK(1)

T=T+DT/2.0

CALL FTH(XX,F,NEQ,T)

DU9OI=1,NEQ

YLCI)=F(I)*DT

XXC(I)=UUCI)+ (YT (T)+2. 0*%YJ(I)+2. 0%YK(T)+YL(I))/6,.0

RETURN

END

ok ook sk 3K K K OK HOR SKOK s ok o 0KOK 3 KK KRR SRR ROK R R NOR SOR B ROKRAOKR K Kk R KRR ROR R KRR Rk K
SUBROUTINE FTN(XX,F,NEQ,T)

oK 0K JOR KR R K 30K R OK K K 303K 30K OK 3RKOT R K 3K K KKK K K KK KK K ok OK R K ROk A Kk Kok
NPIMENSION XX(NEQ),F(NEQ)



05900
06000
06100
06200
06300
06400
06500
06600
06700
06800
06900
07000
07100
07200
07300
07400
07500
07600
07700
07800
07900
08000
08100
08200
08300
08400
08500
08600
08700
00100
00200
00300
00400
00500
00600
00700
00800
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20

30

40
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SIMULATINN PROGRAMS

COMMON T1,T2,CF,SF

OPEN (UNIT=2,DEVICE='DSK',FILE='SX2,DAT')
READ (2,%) AK1,TC1,RR,CH,AL,RA,Ad,B,AKB,Huw,AK2,TC2
VR=200.0

IF((T=T1).GE.0.01) GOTO 10

GO 1O 20

CF=RR%XX(3)

T1=T

TF((T-T2),GE.0,245) GO TO 30

GO TO 40

SF=HW*XX(4)

T2=1

EC1=VR=SF

VC1=XX (1) +AK1*(EC1)

IF (VCL.GE.5.) VC1=5.0

IF(VC1.LE.0,5) yC1=0.5

EC2=VC1-CF

F(1)=AKL/TCL* (EC1)

F(2)=EC2%¥AK2/TC2

VC2=XX (2) +EC2%AK2

EA=VC2%CH

IF (EM.GE.185) EA=185

IF (FALLE.30.0)EA=30.0

EC3= (EA=AKBXXX(4))

F(3)=(EC3=XX(3)%RA) /AL

F(4)=(AKB*XX (3)~B¥XX(4))/AJ

RETURN

END

PROGRAM NO 11

3 s st A K oK K 30K 30K K sk i 3 oK K AR O FOK R OK KRR KRR KRR KR R R R Rk Rk Rk ok ok R Rk KRRk
PROGRAM FOR PLOTTING THE TIME RESPONSE

S TSI T IS EFINTRILLLET LT CTTELEITELEIL I LTSS IEI IR LT LR EE L5
DIKENSTION CURENT(302),TIME(302)

OPEN(UNIT=1,DIALOG)

CALL PLOTS(0.,0.,5)

TIME(301)=0,; TINE(301)=0.10



00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
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30
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40
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SIMULATION PROGRAMS

CURENY(301)=0,0;CURENT (302)=0,2

DO 30 LM=1,4 ,
CALL AXIS(0.,0.,'TIME(SEC)',=9,15,,0,,TIME(301),TIME(302))
CALL AXIS(0.,0.,'CURRENT(AMPS)',13,10.,90.,CURENT(301),
1CURENT(302))

CONTINUE

PO 99 J = 1, 300

READ(1,*¥)TIME(J),CURENT(J)

CONTINUE

DO 40 J=1,2

CALL LINE(TIME,CURENT,300,1,0,0)

CONTINUE

CALL PLUT(0.,0.,~999)

STOP

END
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