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ARBSTRACT

. The dissertation deals with the design, performance
analysis and experimental studies of a microprocessor controlled
load commutated inverter fed single-phase induction motor drive.
In this scheme single-phase ac supply is converted into variable
de  supply using a fully controlled rectifier and fed to load
comnutated inverter .  Commutation of inverter thyristors is
achieved using terminal capacitor which is charged by back emf of
motor. Speed of drive is controlled by varying capacitor value in
open loop control and by varying current through thyristor’
controlled inductor in closed loop control ..

The whole work of dissertation has been catagorised as
introduction,description of the system, system software
implementation,performance analysis of the drive,performance of
close loop system and conclusions and suggestions for. further
work . In chapter 1, introduction and literature survey is given.
In chapter 2,system hardware is - described . Chapter 3 deals with
system software implementation . Chapter 4 deals with performance
analysis of the drive in open loop control . In chapter & ,
experimental performance of the drive in closed loop control is
discussed . In chapter 6 , main conlusions and suggestions for
further work are given .
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CHAFTER 1

TNTRODUCT TON

1.1 GENMERAL

DC motors are being wsed in most of the variable speed
applications, irrespective of higher cost of these as compared to
ac  motors of same size and ratings. The reason beihind this is
that dc motor speed can be controlled over the wide range. The dc
motors. are fed by solid state rectifiers.[1,321. The use of dc
motors has  a number of mechanical and electrical  limitations
caused by mechanical commutator. The modern  trend  in the
industries is towards the replacement of dc drives by ac  drives
in many applications because of comparative adavantages of ac
drives, particularly ,squirrel cage induction motor. Its
construction is simple and robust. It has lesser cost, higher
power  to weight ratio and maintenence free operation as compared
to dc motors. Fresently , most of the variable speed ac  drives
use solid state coneverters [2,4,5).

Freguency control method is becoming popular day by day in
atz  drives, which uses the solid state freguency converters for
obtaining wide range speed control. The solid state frequency

converters are cycloconverters and de link  converters., In
cycloconverter [2,21 the alternating voltage of fised frequency

is converted directly to a lower frequency output voltage without
an intermediate dc link. The cycloconverter consists of a number
of phase contrtolled rectifier circuits connected to an ac supply
system which provides the voltage necessary for delayed phase
commutation. The individual circuits are controlled so that a low
frequency output viotage wave form is fabricated from segments of
the poly phase input voltage. The output frequency is limited to
one  third of the input supply freguency and , therefore, the
drives employing the cycloconvertsr are suitable for low speed
ADplicatimns. The c¢ycloconverter works by means of phase

commutation and no auwxiliary forced commutation circuit is
reguired.  This results in an more compact power circuit and also
eliminates the circuit losses associated with forced commutation
circuits in forced commutated converters., The cycloconverter is
inherently capable of power transfer in either direction between
source and load and can, therefore, supply ac power to load of any

power factor. It is capable of operating in four qguadrants. At
low frequency, harmonic contents  in output are minimum.
Drawbacks of cycloconverter are that its output frequency range

is  limited to one third of input supply freguency and 1t
requires a large number of thyristors., The expensive circuitry is
not  Justified in small installations, but the cveloconverter is
economical  for units of 200 EVA ok more. 1t has low input  power
factor particularly at reduced output voltage.



DC link conveters(2, 4,51 are two stage conversion devices
in which power from ac source is first converted into do cupply
and  then inverted to get variable voltage variable frequency
output. These types of inverters can operate over wide frequency
range and are switable for wide range peel control of ac motors.
The votlage source inverters use either an uncontrolled rectifier
ancd de chopper or a controlled rectifier to get variable do  link
voltage which is fed to a forced commutated inverter. ymltage
source inverter are classified into two types: one is zguare wave
inverter and the other is pulse width modulated (FWM) inverter.'
Houare wave inverter consiste of a controlled rectifier to get
variable dec link voltage. Square wave inverter: has a number of
disadvantages. In this inverter the commutating capacitor is
charged by the dc  link wvoltage and hence the commutating
capability deteriorates  under low speed operation of the drive
requiring low do link voltage. Further it reguires large value of
de  filter components consisting deo link  inductor and filter
capacitor. This type of inverter generates a sguare wave output
with high value of lower order harmonic contents which cause
harmonic losses and torgue pulsation in the drive. The pulse
width modulated inverter generally consists of a diode rectifier
to provide constant do link voltage. The inverter controls both
viotage and frequency of the output. There are many technigues to
get FWM. Sinusoidal pulse width modulation is most common. This
technique reduces hamonic losses  to a great extent but  the
inverter efficiency is reduced due  to  increasec commutation
losses as a result of high rate of commutaion. In addition, FWM
inverters require sophisticated contrel to achieve desired
performance. The FWM inverters have nearly unity power factor due
to diode rectifier input.

A current source inverter [5,61 unlike a voltage source
inverter works with a stiff do current sowrce. The current source
inverter fed drive has the ability to control the motor current
which results in complete  torque control. Regeneration is
possible  in cuwrrent source inverter | commutation losses  are
lowear, efficiency 1s higher as compared to voltage source
inverter . However, the current controlling characteristics of
the drive necessiates a large filter inductor. Its  freguency
range is lower. it and cannot operate at no load . The drive has
instability problem and sluggish response at lighﬁ loads and
higher speeds. The current souwrce inverter has a limited scope of
applications in multi-motor drive system.

The load commutated inverter (LCD, also called by several
names as self-commutated inverter (500, machine commutated
inverter (MCI), line commutated inverter (LCI)Y [4,5]1 overcomes
SOMme of the difficulties associated with cyvcloconverter and
forced commutated inverters. A load commutated inverter is simply
a converter bridge operating in continous current mode with
firing angle between 90 deg and 180 deg. The load commutated
inverter requires leading reactive power for commutation. In LLCI
fed synchronous motor drive, synchronous motor is  operated at



leading power factor, but in LCI fed induction motor drive
leading . reactlive power requirement may only be met by terminal
capacitor economically so  that the overall power factor is
leading. In LCI, comnutating components are not required as  a

(AEEANN I of it, inverter welght, volume and cont are
reduced. Harmonics  in the output voltage waveform are also

reduced. The triggering circuit requirements are comparatively
simple.Commutation losses are reduced and consequently inverter
efficiency is increased. The LEI has some disadvantages too.lLCI
fed drive is not self-starting. Hence extra starting arrangements
are required to start the drive. It also requires a large dc link
inductor.. :

In the present work,a load commutated inverter is proposed
to obtain  the variable frequency operation of a single-phase
induction motor above the base speed.Single-phase induction motor
is mostly wsed in numerous low power applications.It is rugged
and  simple in construction, cheap in cost and robust in nature
and having maintainance free operation.At present,universal motor
is used for high speed low power applications in the speed range
of 1500 RFM  to 15000 RFM. At higher speeds, the universal motor
suffeérs from commutation problem.Commutator and brushes require
regular maintainance. The power to weight ratio of universal motor
i low  as compared to induction motor of came size and . rating.
Ahove the base speed, the operation of the single-phase induction
motor fed from LCI is zimilar to field weakening method of speed
control  of dc motors. At higher speeds the flux requirement is
low and consequently motor draws less magnetizing current.
Moreover, it also results in reduction of core loss in the motor.

The copper losses are alsc reduced due to decrease in
magnetizing current.Moreover,cooling is better at higher

speed. Thus, the motor can develop more cutput for the same amount
of losses and temperature rise. %o a LCI  fed single-phase
induction motor can be competible with universal motor for high
speed applications.

FROFOSED AFFLICATIONS

The LCI fed induction motor operates as constant power
drive above base speed . The scheme for three-phase induction
motor  is similar to that of single-phase  induction motor.For a
fly wheel energy storage system which is used for passenger
car,computer no break power supply, LCI fed induction motor can
he wused. In  this system the LOI will feed the machine while
inputting the energy into the flywheel, the machine will be used
as & self (capacitor) excited generator.Both experimental and
theoritical works on such a system will be required before field
applications.lL.CI fed induction motor can also be used in portable
equipments  such as mining drills in place of universal motor.In
such applications,closed loop control can avoid bhreakage of tools
under  fauwlt conditions by limiting the torque developed to  the
capacity of-drill.The machine also hecomes reliable for use  in



inflammable atmosphere such as mines, chemical plants etc.The LCI
fed  three phase cage induction motor can be wsed in railway
traction in place of dec series motor. i

Lo @ LTTERATURE SURVEY

In dfhdustries, do drives are being replaced by variable
spesd  ac  drives fed from solid state converters (l1-61.Variable
2
freguency converters fed ac motors  are capable of Ggrving

parformance similar to that of do drives.fA large volume of
research  work is available on the load commutated inverter fed

synchronous motor drive [2,4,%,7-141 .Using - the L.CI, the
characteristics of synchronous motor are obtained similar to that

of dc motors, thus this system is also known as commutatorless do
motor  (CLM) . Tadakuma etal (71 have described the driving
characteristics of commutatorless doc motor controlled by induced

voltage detector.Rosa (81 has described the utilization and
rating of machine commutated inverter fed synchronous motor
drive. In e« which he has analyzed the operation of machine

commutated thyristor inverter and the characteristics of the
synchronous motor. Takeda etal [9) have discussed the generalized
analysis for steady state performance characteristics of deo

commutatorless motors. The wvariation of commutation angle and
demagnetisation due  to  armature reaction, safety margin
angle,average torque and speed with mean input current are
discussed quantitatively for windings and saliency.

Tasucharya etal L1001 and  Ajay Fumar etal. [111 have
reported that the LCI along with the synchronouws machine may give
the performance like dc series motor and iz called commutatorless
dec series motor. But the scheme suffers from the disadantage of
commutation failure due to increase in overlap angle of LCI  and
/or  armature reaction of syschronous motor specially at higher
loads . , '

Brockhoust (121 has described performance equation for dc

caommutatorless | motor using salient pole type asynchronous
machine. In  wnich, the development of design oriented aigebraic
expressions  of machine performance measuwres in terms of machine

inductances is given.

In  the recent past, few attempts bave also been made for
LET fed three phase induction motor drive [1%-241. Rangandhachari
etal [13,141 provided the synchronous machine along with LCI as
a commutatorless shunt motor and variable freqguency source o
feed induction motor.This scheme has the disadvantage of using an
extra synchronous machine,which not only affects the system
efficiency and cost but also demande a separate dc source for
excitation of synchronous machine.

Laithwaite etal [15-17] have described development of an
induction machine commutated thyristor inverter for traction
tdrives. In this scheme the leading reactive power requirement of



tnverter ig met by changing the degsign of machine such that it
runs at leading power factor.The required modification in  the
machine cauwses the derating of 1t and extra cost of fabrication
due to involved complexity in commutated.

Watson [18,19]1 has reported the work on self-commutated
inverter fed induction motor drive.But it was limited to the
feasibility of F.H.F. motor system. Moreover an extra transformer
was used in the system.

Singh etal [20]) have also described the feasibility of dc
Link self-commutated inverter fed induction motor system for its
variable speed operation and its steady state  behaviour,.The
active power is fed by a variable dc¢ source.The leading reactive
power requirement of the system is met by connecting a capacitor
bank at the motor terminals.

CEmil levi [21,221 has proposed a three phase cage motor
drive using resonant parallel inverter which is similar to LCI.In
his first attempt he has described the characteristics of the

three phase resonant parallel inverter fed induction motor drive.
In his second paper, he has discussed the modelling and digital
simulation of three phase resonant parallel inverter fed cage
induction motor drive.

Fukeo . etal 25,241 in  their first paper, they have
described a high power high speed drive circuit using dual load
commutated convertor and cage motor. In this drive circuit, the
excitation current of inducton motor is provided and reverse emf

i establised by the capacitors connected across the motor
terminal s. Relationship between the motor rating and capacitor
size and operating frequency is derived. In their second paper,

they have given analysis and characteristics of high speed drive
using cage induction motor.

From the available literature [15-243,it is revealed that
a good amount of work is done on load commutated inverter fed
poly phase cage motor. But no single attempt i= made on the
LCT fed single phase induction motor, although it is also of much
interest because of its various low power applications such  as
drive féor mixer, grindetr, drilling machine, blower etc. specially
for  replacing  the troublesome universal motor. An attempt is,
therefore, made in this investigation to obtain high spead
maintainance free constant power drive using load commutated
inverter fed single-phase cage induction motor.

1.3 BCOFE OF PRESENT WORE

The exhaustive literature survey reveals that no research
work  has been reported on the performance of  load comnutated
inverter fed single-phase induction drive.In the present work, an
attempt has been made to investigate the performance and closed
loop control of LCL fed single-phase induction motor drive. The
system consists of two single-phase fully controlled thyristor

5



bridge converters one for obtaining a variable dc  voltage from.
fixed freguency ac supply to feed other convertor operatinog as.

LGI at  wvariable freqgquency for cage motor. The capacitor
alongwith controlled inductor is uweed to meet the variable

leading reactive power requirement of LCL and cage induction
motor over the wide range of freguency control. Various control
singals for drive are obtained using microprocessor based system.

The present work has the following objectives:

1. Design and fabrication of two single-phase fully controlled
converters, one acting as a rectifier and the other as an
inverter.

2. Desigrn  and fabrication of thyristor circuit for phasge
control led inductor.

A Development of microprocessor control scheme.

4. Development of system software . ‘

= To develop an analytical model of the system to compute the
no load  and on  load performance of the drive using
gquivalent circuit approach  and the suitable numerical
technique in open loop control.

& The experimental investigation of open loop and closed loop

performance of the system under steady state and dynamic
conditions.
The whole scheme has been fabricated in a laboratory and
the performance of the motor is obtained ewperimentally to verify
the results obtained analytically.

ODutline. of the Chapters

In chapter 1, an introduction to the system is given.Solid
state frequency converters to obtain speed control of ac drives
are discussed. Exbaustive literabture survey on the similar work
1% given..

_ In chapter 2, the complete hardware of the present scheme
16 discussed in  detail. The design  and selection of power

modules, microprocessor based control scheme and firing circuits
are described.

Chapter Z deals with the implementation of system

aoftware. Flowcharts for different subroutinesin conjunction with
mairt program are given.

In chapter 4, an attempt is made on performance analysis
of the drive. The mathematical equations for steady state

&
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analysis are obtained using equivalent circuit approach. The
computed results are given along with corresponding  experimental
resul te, -

in chapter 5, steady state and dynamic performance of
closed loop systemy obtained: experimentally is given along with
the performance under open loop control of drive.

In  last chapter, main conclusions  along with  salient
features of the drive are discussed and sugoestions for further

work are enlisted.

The details of machines uwsed, developed svystem software in
machine languagesdeveloped computer program for analysis and pin
details of different ICs used are given in appendices.
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CHAFTER
DESCRIFTIOM OF THE SYS5TEM

2.1 GEMERAL

In  this chapter, complete scheme of load commutated
inverter fed single-phase induction motor drive is described. A
microprocessor  based control scheme 1s discussed together with
hardware requirements. The synchromnizing signals for converters
are obtained by sensing terminal ac voltages . These signals are
used  as  interrupts and  at the same time to determine the
frequency information of the machine terminal voltage . An eight
bit eight channel analog to digital converter ( ARC 0809 )
intertacing is given to convert required four analog signals into
digital signals for control purpose of microprocessor based
drive. The complete drive system is fabricated and the recorded
waveforms of control signales at relevant points are also given.

2.2 FRINCIPLE OF OFERATION

The Block diagram of the load commutated inverter fed

single-phase induction motor drive is shown in Fig.2.1 . It
basically consigts of two single-phase fully control led

converters, one acting as a converter and other as a load
commutated inverter, dc link inductor, single-phase induction
motor, terminal capacitor, thvristor controlled inductor, a
microprocessor  based control scheme and a t@rohogenerator coupled
with motor shaft. The fully control rectifier together with dc
link inductor acts as a current source. DC link inductor
suppresses  harmonics  in rectifier output and makes dao link
current continuous. The rectifier is controlled to maintain
constant terminal voltage of the motor. The inverter thyristor
pairs are fired in alternate half cvocles. Commutation of inverter
thyristors is  achieved hy back emft of machine established with
the help of terminal capacitor. Firing angle of the inverter is
adjusted between 90 and 180deq, Capacitor provides leading
reactive power which is essential for the system. The Treguency
of inverter output ac voltage is determined by capacitor value,
inverter firing angle and terminal valtage. In the present
sehemes, for the operation of the drive above bhase speed, terminal
voltage and inverter firing angle are kept constant. In open
loap, control of drive, speed is varied by varying terminal
capacitor which supplies reactive power (leading) necessary for
inverter and  motor. Under steady state condition the leading
reactive power supplied by capacitor must be egual to the sum  of
lagging reactive power of motor and inverter. If the capacitor
value ie  decreased, leading  reactive power will also be
decreased, but the system will maintain the balance of reactive
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powar by increasing the frequency so that leading reactive power
(proportional to frequency ) becomes equal to the sum of lagging
reactive power  consumed by inverter and motor. Similarily the
frequency of the system will decrease if the capacitor value is
increased. The speed of the motor can be controlled by varying
the capacitor value.  The effective capacitor value can be varied
either by varying the capacitor value itself or by varyving
lagging reactive power on the inverter ac side by Lkeeping
capacitor value fixed. In open loop control of the system, first
method i.e. varying capacitor value can be used, but for closed
loop operation of the drive, speed of motor can be controlled
effectively by varying external lagging power source at machine
terminals with fixed value of capacitor. The variable external
lagging reactive power source may be as:

(a) Saturable core reactor

(b)) Thyristor controlled inductor, and

() Use of static VAR generator

In  the present scheme, thyristor controlled inductor is
used  for closed loop speed control. A inductor is connected in
series with back to back connected thyriztors. By varying firing
angle of back to back connected thyristors, the effective
inductor value or lagging reactive power is varied. The firing
angle of controlled inductor thyristors is varied from 929 to
180 deg and  firing is synchronized with inverter firing. The
firing -angle is adjusted to maintain speed constant in  closed
loop manner., C
2.3 DESIGN AND SELECTION OF FOWER MODULES
Fig. 2.2 shows the detailed power circuit diagram of the

system. The powsr circuit is designed fto meet requirements of the
induction wmotor (details of which are given in Appendix—-A). The
power circwit  for  the proposed scheme consists  of  following
partass '
(i) fully controlled rectifier bridge
(ii) do link inductor
(iii) fully contolled converter as inverter (LCI)
(iv) thyristor controlled inductor
(v) terminal capacitor

Selection of thyristor ratings:

The following factors bhave to bhe considered for selection



of rating of thyristors:-—

(&) Maximum peal: inverse voltage (FF1IV) appearing across  the
: 0 [F Q
thyristor

() Fower circuit configuration
() Conduction angle of thyristor
() Average current and current waveform

For a single-phase bridge circuit FIV is twice the maximum
value of terminal voltage . For terminal voltage of 250 V, FIV is
AH50 YV . Taking a suitable safety factor, 1200 FIV thyristors are
taken. Motor rated current dis 7.1 AL Since each thyristor can
conduct  for 180 deg in each cycle, ourrent through it is  taken
T T A Allowing a suitable safety factor and availability,
thyristors are taken of 1200 FIV and 12 A for all parts of power
circuit.

The wvalue of controlled inductor is taken of reactance 30
ohms at SO0Hz . The value of do link inductor is taken. quite high
a0 that do link current becomes continous, The maximum value of
variahle terminal capacitor is talken &0 wf.

2.4 DESIGN OF MICROFROCESSOR CONTROL SCHEME

An eight bit 8085A microprocessor based scheme is used for
the system development. The block diagram of the scheme is shown
in Fig.2.5, In this scheme input output ports of a FFI 823554 (1)
at J2 space are used. FC is uwsed for ADC interfacing and timer
TM1L (L1H) gate control. Fort C lower is used for inputting sguare
wave signals.of rectifier and inverter and ADC end of conversion
(B0 signal. Fort A is uwsed for inputting eight bit digital
output of ADC and port B iz uwsed for firing of thyristors, and
controlling gate of timer TMZ2 (A2 .  The interfacing circuit of
825 ig given in Fig. 2.7. Timer TML (1IH) is used for loading
the firing angle of rectifier thyristors. Timer THM2 (L2H) is used
for measurement of half cycle period of inverter output voltage .
Timer 42 O2H) is wsed for lesddng the fiHedng angde of regltifier

s bors, Timer TM2 (ARM)is  used for loading the firing of
thyristors of controlled inductor., Frogrammable interrupt
controller (PIC 82590) is used for managing five interrupte, two

for rectifier and three for inverter and controlled inductor as
shown in Fig. 2.3,

2.4.1 ADC Interfacing

ADC Q809  di=  ainterfeced  for  converting four analog
gquantities into digital quantities. These quantities are

reference speed, actual speed, terminal voltage of motor and dc
link current. Reference speed signal is given to INO chamnnel ((Fin
Neo . 26 ), actual speed signal to IN2 channel (Fin NO. 28 ),

1O
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terminal  voltage signal to INMI channel (Fin No. 27 ) and dc
current signal to INZ channel (Fin MNo. 1)y of ADC.  Actual speed
signal iz obtained from ac techogenerator coupled with motor
shatt. The output of techogenerator is reduced from zero to five
voltage range, rectified by a diode bridge rectifier, filtered by
a capacitor filter and connected to ARG chanpel through a
variable potential divider. Motor terminal voltage signal is
abhtained by filtering the rectified output  of step-—-down
transformer - and 1t is connected to ADC  channel via variable
potential divider. DC link current signal is obtained by sensing
rectifier input supply current by a current transformer (CT).The
output of CT is rectified and filtered. It is connected o ADC
channel via variable potential divider. Reference speed signal
is given by a variable potential divider. ADC channels are
selected through FC3  and L6 bits of port C  upper. Start of
conversion (800 signal for ADC is given via FC7 bit of port C
upper.  End of conversion (EQC) of ADC is inputted via FCO bit of
port O lower.: Cloclk for the ADC is generated by a 955 timer of
480 FHz. ’

~ p

2.4.2 8Synchronizing Circuit and Generation of Interrupt Signal
(IR for Rectifier

For -a converter the thyristor firing must be synchronized
with the input ac voltage . For a single-phase rectifier,
aynchronizing signal is required at each rero-crossing of  input
ac voltage . This signal at esach zero-orossing of supply voltage
is  considered as the IRO interrupt signal. Fig. 2.4a shows the
circuit diagram of synchronizing circuit for the rectifier. In
this figure, the step—down transformer is a centre tapped one.
The ac voltage output of step-down transformer is rectified by
two diodes and is given to comparator(l) (realised through 741
operational amplifier). Reference input to this comparator @ is
given a small positive voltage (0.25V )., The comparator output is
inverted using a transistor invereter to get output of +5V
magnitude. Fig. Z.4b shows the theoritical expected waveforms at
different points in  this circuit. The output of transistor
inverter goes high just before the actual zero crossing of input
ac voltage . This signal is given to TRO interrupt channel of FIC
(Fin- No. 18 of 82594 . The ocutput of step-down transformer is
also given to another comparator (11), reference iApuklFin No. 2 of
741y of which is grounded. Output of this comparator is a sgquare
wave which is reduced to +&Y magnitude by a transistor inverter.
This signal is used to decide the rectifier index R (to bhe used
for discriminating the thyristor pairs). '
2l ,Synchrdnizing Circuwit and Generation of Interrupt Signals

(IR2 and TRI) for Inverter and Controlled Inductor

The inverter synchronizing circuit shown in Fig. 2.%95a is

similar  to  Fig. 2a4a  used for rectifier except that the
comparator (1) output is inverted twice so that it goes high just

11
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after the actual zero crossing of inverter output ac voltage . It
is used as [R2 interrupt signal to FIC (Fin Mo 20 of PREON) . The
sguare wave signal is generated to decide inverter index I in
similar manner as in Fig. 2.4a. For that purpose this signal is
connectecd teo FC2 bit of port C lower . This signal is also used
toy determine 180 deg count of mator voltage threough  timer
T2 C12H) . In Fig. 2.5a, the circuit for generating interrupt
gsignal (IR3) for firing of inverter thyristors is also shown. The
rectified voltage signal is given to comparator(III), reference
to this comparator is given by a potential divider. The output of
comparator (I11) is inverted by a transistor inverter to obtain
IR dinterrupt  signal for PIC(FiIin Mo. 21 of 825908). The IR3
interrupt  signal goes high after firing angle of inverter which
iz  adjustable between 90 and 180 deg. Fig. 2.5b shows the
theoritical waveforms at different points of the circuit given in
Fig. 2.59a. ,

2404 FPulse Amplifier Circuits

Fig. 2.6 shows the pulse amplifier circuit of one channel
for thyristor firing. The firing command from microprocessor
systen - through " port B bit is AlDed with bhigh freguency (16KH2)
generated by a 385 timer to avoid saturation in pulse
transformer. Fulse transformer is used to isclate control circuit
from power circuit. The high frequency AMDed pulse is amplified
by & transistor amplifier (SL-100) and fed to pulse transformer
primary which is connected in collector circuit. sate protection
is required for over voltage and over current . Over voltage
protection is  achieved by connecting a diode across gate  and
cathode. For over current protection a gseries resistance is
connected  in gate circuit. A capacitor is connected across gate
and cathode to bypass noise or spurious pulses.

ROV 4

2.0 RESULTS AND DISCUSSTOMS

The complete scheme for microprocessor based drive is
fabricated and tested with the developed software (given in  next
chapter). The variows waveforms in the contrel circuit  for

rectifier, inverter and controlled inductor are recorded by X-Y
recorder and  shown in Fig. .8 The recorded waveforms are

similar to the theoritical expected waveforms. The entire control
scheme shows the satisfactory performance with power circuit .

Zob CONCLUSTONS

The .complete hardware scheme of load commutated inverter
fed single-phase induction motor drive is described in  detail.
Microprocessor based control scheme | consisting of ADC
interfacing, synchronizing circuits and amplifier circuits is
tested with developed sotftware . The power circuit consisting of
two fully controlled converters, thyristor controlled inductowr
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and terminal capacitor works - satisfactorily with the
microprocessor based control sohemne., The wvarious control
signals are observed similar to the desired ones,



CHOFTER 7

SYSTEM SOFTWARE IMPLEMENTATION

Eol GEMERAL

In this chapter, microprocessor and its peripheral devices
are described. The required software for speed control scheme of
LT fed single-phase induction motor drive is  discussed. Flow-

charts for the main program along with variouws subroutines are
given. These subroutines are ADC subroutine, IRO  interrupt

subroutine, IRL interrupt subroutine, IR2 interrupt  subroutine, IRZ
interrupt  subroutine, IR4  interrupt subroutine . IRO  and  IR1
subiroutines deal with operation of rectifier and IR2, IRY and IR4
subroutines are fOP‘iHVEPtGP and thyristor controlled incductor. In
RO subroutine, firing angle of rectifier is adjusted to maintain
inverter output voltage (motor terminal voltage) constant and IR2
subroutine is for firing angle control of thyristors of
controlled inductor which is used to regulate the speed of motor.

3.2 MICHROFROCESSOR AND ITS FERIFPHERALS

The digital control scheme for the load commutated inverter
fed single-phase induction motor drive has been developed wsing
microprocessor  BO83A system.An  BOBENA i 8 bit INTEL'S most
popular microprocessor. In this system, the programmable interrupt
contraller (FIC) 8259A, programmabhle interval timer(FIT) B25% and
the programmable peripheral interface (FFIY 82954 are
interfaced. The system has the provision of interfacing come more
peripherals too.

s .
Feripherals are used to facilitate paralliel data transfer
hetween microprocessor and input output devices.These devices can
act as input port which is tri-stated huffer to read data from
inputting devices. They can  act as output port to latch data
sent by the microprocessor for output device. These devices can
generate an interrupt signal and receive/transmit certain control
signals for data communication between microprocessor and  input-
output devices.

The 2854 is a programmable peripheral interface (FFI). It
can  be  programmed to transfer data under various conditions., It
has 24 1/0 pins,that can  be grouped primarily in  to 8 bit
parallel ports, port A,port B and remaining & bits as port C.
Eight bits of port C can be used individually or be grouped in
two 4 bit ports. Fort C upper (FCW and port C lower (FCL).The
functions of these ports are defined by writing a control word in
control  word register, format of which is  shown in Fig. 3.1
Functions of the 82%5A are classified according to two modes: the
Bit Set/Reset (BSR) mode and the /0 mode .The BSR mode is to set

, 14
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or  reset the bits of port C.The 1/0 mode is further divided into
three modes:Mode O,Mode 1 and Mode 2.In Mode O all ports function
as simple input output ports . In Mode @ port A and/or port B use
hits from port C as hand shaking signalse that is why this mode is
named  as hand-shake mode . In hand-shake mode , two types of
input/output data transfer can be implemented = status check and
intercrupt.n Mode 2 ,port a can be set for by directional data
transfer using band-sh aln signals from port C , and port B can be
set up either in Mode O or in Mode -1 .

The 8252 programmable interval timer (FIT)is a support
chip  to  the system. The 8252 incluwdes three identical 16 bit

counters  that  can operate independently in any one of the six
modes. EBEach counter has two input signals CLOCKE and GATE and one

output . signal OUT.The CLOCK input pin is connected to & clock of
suitable frequency . To operate a counter , a 16 hit count to be
loaded in its register and depending upon the mode of the timer |
logic high voltage or low to high voltage transition at  GATE
initiates or enables counting process .The different six mode of
operation are Mode O-interrupt on  terminal  count, mode 1-
programmable mono  shot, Mode 2-rate generater or divide by
counter, Mode 3I- square wave generater,Mode 4-software trigoered
strobe,Mode 9 hardware triggered strobe.Vthe contral word format
of @B25% is shown in Fig. J.2. '

The 82894 is a programmable interrupt controller kI
designed to ‘work with Iintel microprocessor 80804, 80834, 8086 and
8088. The 8259 A can manage eight interrupts according to  the
instructions written into its control word registers. This is
equivalent to providing eight interrupt pins on the processor  in
place of one INTER/INMT pin. It can vector an interrupt request
anywhere in the memory map . However , all eight interrupts are
spaced at the interval of gither eight or four locations . [t can
resolve eight levels of interrupt priorities as a variety of
modes, such as fully nested mode |, automatic rotation mode and
gpecific  rotation mode. It can mask each interrupt request
individually .The #8259 A can read status of pending, in—-gervice
interrupts and masked interrupts . It can accept either the
level-triggered or the sdge -triggered interrupt request . It can

bm expanded  to 64 priority levels by cascading additional
#8259 's.  To dimplement interrupts, the interrupt enable flip~flop
in  the microprocessor  should be enabled by writing the EI
instruction and the 8259 should be initialized by weriting control

words  in o the control word register. The 8259 requires the two
types of control words:initialization command words (ICWS)  and
operation command worde (OCWS). The #8259 can be initialized with
four ICWSy the first two are sssential | and the other two are
optional..RBased on the modes bheing used, these words must be issued
in a given sequence .0Once initialized, the 89259 can be set-up to
operate in various modes by using three different CWS; however ,

they no longer need to be issued in e qp@mlfln HECUBNCE .
Y

1



EOE OMATHN PROGRAM

The flow chart of the main program is shown in Fig. 5.3
The program is started with initialization of STACK pointer and
the input-output ports . In the 808%5 system ,two timers and six
input output ports available to the user at J1 , JZ and JI space
(details are given in Appendix-D).In the present work, three
timers are used. They are THML (11H) ,TMZ (12H) of 2085 system and
M2 (AZH) of extra timer 8253 chip interfaced with the system.The
timer  TMZ7(AZH)  of extra timer chip is used for loading firing
angle of thyristor controlled inductor.The TM1I(1IH) of the system
is  wsed for leoading the firing angle of the rectifier. The timer
THR2(12H)  of the system is used to count 180 deg of the inverter
output ac voltage.Dut of six input ouwtput ports, three input/output
ports of 8255 (1) are used in the present work. It is initialized
as follows:

BB (CWR=OZH)
FORT A FORT H FORT Cu FORT 1
N . QuUT our IN 1001001 = 91IH

FFIG 2.3,  given in  the last chapter, shows the
configuration of  the micvuﬁwwc@mmmr contral sochens. Fort A is
wsed for inputing digital output of ADC,port B is used for firing
the rectifier thyristors (Bits PBO and  PREL), firing inverter
thyristors (Bits FR2 and FRI), firing thyristors of controlled
inductor  (Rits  PR4 and FBES) and controlling the gate of  timer
T™™Z " «€A2HY - (Rits FR6). Fort C iz used for generating band
shaking signals, controlling timer TMI (11H) gate (Bit FPO4) and
inputing synchronizing singnals of rectifier and inverter.

The timérﬁ are intialized as follows:
TM1 (1M in mode zero
TM1 /L MODE O CODE

a1 11 Q00 O = 7OM
THM2 (12H)  in mode xérwn
MR - H)L  MODE © CODE

10 11 Q00 O = BOM
TMZ ' (AZH) in mode zero:

TMR /L MODE ©  CODE

10 i1 QOO0 0 o BROH
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ffter initialization of all the necessary chips all firing
bite are  made low and the astatus of output ports are
stored. Initial value of rectifier firing angle is stored and
astarting in@eﬁ*B is stored as QO and initial value of R, to be
explained later is stored. The FIC is intialized next for  the
vector addresses of the interrupts IRO, IR1, IRE, IRZ, IR4. All
interrapts are edge triggered.

After initialization process is over, four ADC  channels
are inputted one by one by selecting channels through port Cu.
Feference speed ise inputted by selecting INO  channel of ADEC,
inverter . output voltage is  inputted by selecting IN1
channel,actual  speed is inputted by selecting INZ channel and dc
Vinmk current is  inputted by selecting  IN3S channel.After:
inputting all four channels starting index § is checked., Tf it is
zera, then the interrupts are enabled and the index 8§ is
incremented and stored.lf the starting incdex 8§ is one then it
displavs reference speed, actual spesd, (in address field of ki)
and inverter output voltage (in data field of kit) and the
execution is transferred back to input ADD data.

Fa4 ADC SUBROUTINME

Feference speed,actual speed,inverter output veoltage and
e link current are measuard and. stored through this
subroutine. The reference speed i1g set to a valpe'fwom a variable
potential divider and fed to ADC via-INO  channel. The inverter
output  voltage signal is given to TNi channel of the ADC. The
actual speed signal is . given to INZ channel and do link  current
tey INZ S chamnel. The ADC converts the armalog oguantities into
digital data. The analog fov digital conversion of all four
quantities is done in every looping of main program. Clock to the
ADC  is given from a oscillator (555 timer) of frequency 480 kEHz.
‘The ADC starts converting the analog input signal into digital
data at the instant,when the start of conversion (80C) bit of ADC
goes  from  low to high  to low. ADC sends end of conversion
(00 signal to the dinput:, output port through the FCO
hit,indicating that the cmdﬁéwﬁion process i over. The digital
value is read through port A. Channel selection is done in  main
program. The flow-chart is  shown in Fig.23.4. The scale factors
Al

2V o= 01 for IMI channel, 1A = 14H for 2N3 channel and

12RFM = O1M, for INO and IND2 channels

G TROOCINTERRUFT  SURROUT TNE

Fig. 2.5 shows the flow-chart of IRO interrupt subroutine.
TRO interrupt occurs at each zero crossing of rectifier  input
voltage signal. Frogram is entered by saving the registers.Firing

-y
L A
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bite of rectifier are made low.The dc link current is checked, if
it exceeds its maximun limit (Ide mas) then the rectifier firing
is stopped. If the dc link current ic lesser than its limit then
inverter output voltage is checked. [f the inverter output voltage
i less than the rated voltage of the motor, then rectifier firing
angle is decreased. If the inverter output voltage is more than
the rated value, then rectifier firing angle is increased. If it
is  equal to rated value then there is no change i1n  firing
angle. The change in the firing angle is decided according to the
difference in  inverter output voltage and rated voltage of
motor. If difference is large, thern the change in count
corresponding  to firing angle is taken more, if difference is
emall, then change in the count is taken less. The firing angle
(count) is adjusted on the every [RO interrupt to keep inverter
output veoltage equal to rated voltage of the motor. Timer TMI
(11H) is loaded with firing angle (count) and triggered through
FC4 bit of port Cu. The rectifier indexRis decided depending upon
the status of FCI bit of port C1. If 2t is low then index R is
st to OOM. If it is high then R is set to OLH, program returns
after issuing specific end of interrupt command (EOD  and
recovering registers.

e b TR1OINTERRUFPT SURBROUT INE

Fig. 2.6 shows the flow-chart of IR] interrupt sobroutine.
This IRl  interrupt ocours when timer THM1ILIH)  count value
hecomes eqgudl to zero. This subroutine is wused to fire a next
pair of thyristors of rectifier after each half cycle.The program
is entered by saving registers. After it, rectifier firing index
R is checked. If this index R is OOM, then thyristor pair (1,3)
of rectifier is fired.If index K is O1H then thyristor pair (&2,4)
isn fired.After firing particular pair timer TFL(L1IH) gate is made
low. Frogram returns  after issuwing specific end of interrupt
command and recovering registorg.

BLTOIRE CINTERRURT SUEFOUT INE

Fig.5.8 shows  the flow-chart of this subroutine. 2
interrupt occurs at each zero org ing of inverter output voltage
signal. Frogram is entered by savirg the registors. Firing bits
for  thyristors of inverter and controlled inductor are made
low.  Synchronizing signal is checked via PC2 bit of port €1 to
decide inverter index 1. If the status of FOE bhit is low then the
inverter index ig set to O0OH ancd thern timer TM2 (12H) 1 pead
and loaded by FFFFH for next cyocle. 180 deg and 90 deg counts are
calculated and stored. Now the actual speed 1 compared with the
reference speed. [ the actual speed is lesser than the reference
speed then B ( OC L = 180 deg -~ B, O L. is thyristor’'s  firing
angle of controlled inductor) is increased and if actual speed 1s
greater than reference apeed then R is decreased. I both are
equal  then no change is done in B,  The change in B is decided.
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)
aceording  to  the difference between the actual and reference
spead. If this difference is large, then change in B is taken
more and vice versa. Now this B is subtracted from 180 deqg count
te  caloculate firing angle count ¢ (XK L)Y for thyristors of
controlled inductor.This firing angle count is checked so that it
remalns bhetween 20 deg and 180 deg of inverter output ac voltage.
If the status of FC2 bit is high, then the inverter indey I is
set  to O1H. « After making decision on the basis of FC2 bit, the
firing angle (count) (K L is leoaded in  timer THM2' (AZH) and
this timer is triggered. Frogram returns after issuing end of

interrupt command and recovering registors.

S8 ITREOCINTERRUFT SURROUTINE

Flow—-chart for this subroutine is shown in Fig.Z.8. The
interrupt  TRI  occurs after firing angle of inverter from zero
crossing  of  inverter output voltage signal.In this subroutine,
next inverter thyristor pair is fired. Frogram is entered by
saving registors. Inverter index I is checked. If this index is
OOH, then pair (1,5 of inverter thyristors is fired. If inde:x I
ig OLH then thyristor pair (2,4) ig fired. Frogram returng after
issuing end of interrupt command and recovering registors.

E.9  IR4 INTERRUFT SUBROUTINE

Fig. 2.10 shows the flow-chart of this subroutine. This
R4 interrupt cocurs on teerminal count of  timer TMR (AZH) .
Frogram is entered by saving registers. Index 1 is checked. If
this index is OOH then thyristor (1) iz fired. It it is O1H then
thyristor (2 is fired. Timer THM2' (AZH) gate is made low,
gpacific end of interrupt command is issued and program  returns
after recovering registers.

.10 CONCLUSIONS

In this chapter, the - complete system software
implementation. is discussed. The various subroutines, used  in
congunction with main routine, are discussed. The various
subroutines discussed are ADC subroutine, TRO interrupt
subroutine, IRl interrupt subroutine, IR2 interrupt subroutine,
IRZ  dnterecupt . subroutine and ITR4  interrupt subroutine. The
various subroutine software programs are developed and tested
individually . and  all together The syatem has worked
satisfactorily with the developed software in a microprocessor
8085 system. A1l the programs have worked satisfactorily with the
developed hardware of the system, discussed in chapter 2. Machine
language programs are given in appendix C.
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CHAFTER 4

FERFORMANCE AMALYSTS OF THE DRIVE

4.1 GENERAL -~

In this chapter, an attempt is made on the steady state
analysis of a single-phase induction motor drive fed from load
commutated inverter. The analytical model is  developed wsing
equivalent circuit approach. The steady state performance of the
motor is computed using developed algorithm based on proposed
analytical model. The model i1is valid for no load as well as
loaded cddition of the motor. At no load, the effect of variation
of terminal capacitor on speed motor current and no load loss of
the motor is studied. BSteady state performance of the drive, at
load, is presented in terms of efficiency , speed, power factor
and  currents with respect to output power. The corresponding
experimental results on  the test motor (details are given in
appendix—A) are presented along with computed results to  justify
the validity of developed model.

4,2 THEORY

'

AN analytical model is developed to obtain steady state

performance of load commutated inverter fed single—phase
induction motor. drive. Ferformance is computated for open loop
system. In open loop system, speed of the motor is controlled by
varying terminal capacitor value. The analytical model ig

developed by making active and reactive power balance using
gauivalent circuit of single-phase induction motor.

For simplifying the analysis, the following assumptions
are taken:-—

(1)  The forward drop of thyristors and their circuit losses are
neglected.

(ii) The effect of space ancd time harmonics are neglected.

(iii Leakage inductances and resistances of motor windings are
' assumed constant. '

tiv) The losses in capacitor are neglected.

T Qxd,uou«g Qa}o\oer Losses
(v No  load lagmegA(Cure loss + Friction and winding loss) of
motor are assumed constant.

(vi) The overlap angle of converter is neglected.

20
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Analytical Model:-

Fig. 4.1 shows the equivalent circuit of the system at any
per unit frequency "F" and slip "8" . In this equivalent circuit
for  a given capacitace "C" (X reactance at ratod frequency ),
the p.u. frequency F ia the unknown variable to bhe determnined.
The magnetising reactance (¥m) depends upen the
frequency ratio (v/f). The core loss of the motor decrease  with
increase in frequency of terminal voltage but fr1ct10n and
windage loss of motor increases, therefore, no load 105" {~8*%dmw
loss + F¥W .loss) can be assumed to remain constant ovnr wide
range of speed (frequency). For obtaining magnetizing reactance
(Xm) and constant losses ,  no load test on the motor is carried
out at rated frequency (i.e. p.u. frequency, F = 1.0) and at
various values of supply voltage. The variation of Xm with
voltage to frequency ratio (v/f) is obtained using experimental

data and is shown in Fig. q4.72. Far >1mp]1fy1nq the analysis, Xm
is linearised in the functional form asx

voltage to

Xm = AkO - Akl(v/f)———vrmmmmee (4, 1)
vhere AkO and Akl are constants
Ftom Fig..4.2, the other parameters reforred to stator are
stator independence Zs = R1 + iF*¥X1 = Zay + 7r¢
where Zsr = Rl j Zsi = F#X)-—veeememe (4 02)
Rotor forwaré-impedence Zf' = P2/ (Ga) + JFERXI/D,
Rotor backward impedence Zb"= RI2/L(E - 8y 20 + JF#X2/2
2t = (jF*Xm/2) // {(RZ/7(28) v iFxX2/2Y = 74 + Z2F1

where Zfr = FR¥#2¥R2eXmer v/ 0 (78 L2788y N2 4+ e (X2
Xm) ¥%2 ) 1——— (4. 3a)

and ZFi = F*Xml (R2/S) %2 + Few2 w X2(X2 + Xm) 1/C2C(RT/LS) 2
Fo2(XZ +

+

Xm) ) I (4, b))
Zb = (jFeXm/2) // [R2/L{2(2 =8)) + jF¥x2/21 = Ibr + Zbi

whete b

hi

FrosR2exm 270208 ~ Q) LR/ (2 =~8) A2+ FRRox2
+X@) 2RI == (4L da)

and Zbi = FeXmU{(R2/(2 = ©) )70 + Fo2eX2(XD + Xm) J/L2(R2/(2 -
§) PR+ FERIXT b am) D) fere e (4 AD)

Let 2

il

s + Zb + Zf = v + 32

1



Zro=m Lsr 4 ZfR 4 Zhpeeeee e (4, FQ)

VAR T - % G S A 5 TR S 4 o3 R p e O I i n )

= (LR ok ZiR2) 0 E, Cosd = Zr/7, Sing = Zi/Zl-————(4.4)

To obtain  an  expression being function of freguency  (F) the

active

and reactive power balance of the system i1s considered.

(i) Active power balance

(ii)

Fower supplied by inverter Fi = Vslinv*Uos(Y)

Y is angle of advance of inverter.

Fower required for  the motor FPmn = UxInkCos@

= VxxIxCosp/L

Constant losseg = WO

Equating active power supplied to the consumed value,

Vrlinv*Cas(Y) = V**E*Coﬁﬂ/z I e il R )

Reactive power balance

Reactive power needed for inverter,
(i = VxLinv*5in(Y)

Reactive power required by mdtOP,

Am = V*¥Im*Sin(@) = Vsk2%Ging/7
Reactive power supplied by capacitor,
Ao = VexZxF /X

Equating reactive power supplied by capacitor to required

reactive power for motor and inverter
Vs DHFE /X = VR*2%Gin@/7 4+ VxLinvaGin (Y) ————em (4. 8)

Eliminating linv in equations (4.7) and (4.8),

Tan(Y) = . (FRVRKR/XC-VERRRGing/2) / (Vex2%Cos@/7 +  WRO) =~

(4.9

This is simplified to get

3

(F) = VxR0 CosgwTan (Y) + Sinl/7 + WRO¥lan(Y) -~ FxVesi/Xc--

(. 10D

The function GOF) must be dideally rero. It is a nonlinear

~—



function of  p.u. freguency FF for the given value of terminal
voltage (V), inverter angle of advance (Y), capacitance (Xc) and
slip (8). The p.u. frequency F is obtained by minimizing function
GEPlusing single variable optimazation technique [221. After
finding pa.u. freguency F, performance  is  calculated wsing
ecquivalent circuit as follows
Motor current Im = Y/ Z———- (4, l1la)
Forward component of rotor current
If o= Im*FAXm/LL(R2/G) %% + Fr2(XZ 4+ Xm) #%2 %%, 5)-—— (4, 11h)
Backward éompmnent of rotor current
Ih = Im*FeXm/CC(R2/ (2=8) ) %% + Fae2 (X2 + Xm)*¥2)%%, 51—~ (4, 11¢)
Forward airgap. power gt = [ f*x2%x00/ (26)
Backward airgap power Pgh = [hx*2¥R2/02(2-8) ]
Fesultant . ailrgap power Fg = Fgf ~ Fghoes——(g,132)
Synchronous speed in RFM Ns = Z0fh#F, —eeemee (4, 173)
where fb is base fregquency (SO0H:)
Rotor speed in RFM N = Ng(1-8), =——ww—-(4,14)
Fotor cupper loss Flcur = § Pgf + (2-~8) Fgb

Stator cupper loss Flous = Imex2R)

Total cupper loss Flcu = Flcur + Flous

H

Total power loss F1 o= FPlou + WRO

Input power Fin = RO o+ Fl
Motor efficiency. in pewcentage‘“m = (PO in) #1000
Motor power factor pfm = Fin/ (V¥LIm)

Fregquency fs = fbh*F

A5 COMPUTATION OF FERFORMANCE

The equations presented in section 4.3  for single-phase
induction motor drive fed from LCI are complex. Here a general
computer algorithm is developed for no load as well as loaded

oy
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canditions of the motor. The flow chart of computer program is
shown  in Fig. 4.3, At the starting of the program  required
parameters are read and initial value of capacitor (C) is taken
equal to maximum value (Cmax). Initial slip is taken equal to no
load slip (So). The p.u. freguency I ig named for two values |
current per unit frequency LCFCI and previous p.u. frequency L[FFI1,
both are initialized equal to unity. Mow power balance function
G(F) is calculated. For FC 1t is defined as GC and for FP as GF.
GF  is taken equal to GC. Now FC is obtained by adding & small
amount dF  in previous frequency FFP and again 60 is calculated.
Mow  magnitude of GC and GF are compared.Xf mod 6C > mod GF  then
search for F is made in lower side of FF otherwise search is made
on higher side of FF by decreasing or increasing current value of
[t frequency respectively.When function G(F) is minimized and
its value mod GF is found less than a small specified quantity €,
then performance is calculated taking p.uw. frequency F as FF. Now
slip $) ds increased by a small amount df and function G(F) is
minimized in similar way as described above. When slip (5)
becomes  equal  to its given limit Sm (slip for maximum  torgue),
then new capacitance value is taken by decreasing C by an  amount
dC oand function G(F) is minimized for slip varving from So to Sm.
Capacitance 1is varied from  i€s maximum value (Cmas) to  its

minimum value (Cmin). After performing computation for all values
of rapacitor,C (Cmin < C "< Cmax) execution of program stops.
The computed performance of motor under no  load and  loaded

conditions are given in Fig. 4.4 and Fig. 4.5 respectively.

4.4 EXFERIMENTATION

The steady state performance of the drive motor is  also
obtained experimentally by performing various tests on open loop
csystemn  for the value of capacitor considered in  computation of
performance . The experimental results are pre%eht@d along with
computed results to justify the validity of computer algorithm
based on developed analytical model. The no load computed results
along with experimental tests points are shown in Fig. 4.4.
Motor performance at load is given in Fig. 4.5 in terms of speed,
motor current, power factor and efficiency.

4.5 DISCUSSIONS OF RESULTS

Fige 4.4 shows the no load characteristics of the motor,
both computed and experimental at rated terminal voltage. It may
he observed from Fig. 4.4a that no load - -speed of the motor varies
with change in capacitor value. Motor speed increases with  the
decrease  in capacitor value and vice versa. Variation in speed
are more for lower values of capacitor.  Speed is nearly equal to
rated speed for capacitor value of 75 uf. Fig. 4.4b ehows the
variation insmotor current and input power at no load. It may be
observed that both no load curret and input power decrease  with
increasing speed due to reduction in magnetizing current. It may

a4
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also  he observed from Fig. 4.4 that the computed results show
good correlation with experimental one, thus establishing the
;alidity of model for no load operation of motor. & little
deviation in the results may be observed from Fig. 4.4 and it is
because the capacitor is not ideal and its effective value may be
different from the value considered in computation. Further, the
hatrmonics are neglected in computation while harmonics are always
present in a real system. '

Fig. 4.%3a shows the output power ve speed characteristics
for  different values of capacitor at rated terminal voltage of
motor. It is observed that speed rises with the rise in  output
pover.  This rise in  speed  1& greater for lower values of
rapacitor.  For  higher values of capacitor (meore than 70 pf) the
speed decreases with the increasing output power as evident from
experimental results. Computed results show that motor gpeed
rises  for all values of capacitor with increasing output power.
It is due to increased requirement of reactive power in the motor
at load and which may only be met by increasing the freguency at
constant voltage for particular value of terminal capacitor. The
reason for fall in speed with load for higher value of capacitor
(at lower speed) is  that the magrnetic circuit of motor is
saturated. When load is increased, drop 1in stator impedence
increases due to which the magnetizing current decreases
nonlinearly. This decrease in magnetizing current is more than
increase in reactive component of yotor cuwrrent, therefore, the
resultant  lagging reactive power drawn by motor decreases.
Because of decreased lagging reactive power requirement of motor,
freguency  is  decreased so that  leading reactive power of
capacitor (Vex2xF/Xc) becomes equal to that reqguired for motor
and dinverter.  Fig. 4.3b shows variation of motor current with
load o From this figure it may be observed that motor current
decreases for higher speeds (at lower capacitor value) due to
reduced magnetizing cwrrent requirement of motor. . Motor current
rises with rise in Load . It can be noted that computed and
experimental results are identical in nature. Fig. 4.%9d shows the
variation of motaor efficiency with output power, [t can be
observed that the motor efficiency first increases and  then
decreases with increase in load. This decrease in efficiency for
higher load is due to sharp increase in variable losses. The
difference in experimental efficiency from computed value of
efficiency is because the no load losses of motor are assumed
constant. Fig.4.8c » shows variation of motor power factor with
load which increases with load in similar manner as that with
normal supply. |

It is observed that the motor could be loaded to lesser
amount at higher speeds. It is due to decrease in maximam  load
capability of the machine because of higher values of leakage
reactances of stator and rotor. It is observed practically that
machine  having lesser leakage reactences can be loaded more than
that having larger leakage reactances. "ei% concluded that for
sueh  type of drive a machine having 1QwAm$ leakage inductances
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will result in better loading capability without exceeding
temperature rise of motor.

A d COMCLUSTONS

The péPfDPmance of a variable speed, LUI fed single-phase
induction motor drive with open loop control is  studied. The
developed analytical mode) for operation of motor at no load and
loaded conditions, which wuses equivalent circuit approach, has
been found switable for computation of performance of the drive.
The test results show good corelation with computed results. Thus.
validating “the developed model. It is concluded that load
capability of motor decreases with increase in speed . It is
because of large leakage inductances of motor. A machine designed
for  low leakage inductances will give higher output with safe
temperature rise.




CHAF TER

FERFORMANCE OF THE CLOSED LOQF SYSTEM

5.1 GENERAL

Experiméntal closed leoop performance of microprocessor
controllied LCTI fed single-phase induction motor drive is studied
and compared with open loop performance of the system. The output
powetr  vs speed characteristics and performance in terms of motor
efficiency, power factor and currents of motor and inverter are
obtained for various speed settings in closed loop control  and
for  different capacitor values in  open loop control  while
maintaining the terminal voltage of motor equal to rated value.
Dyvnamic performance of the system in open loop and closed loop
control i abtained experimentally and waveforms of @ various
control signals and syvestem variables under dvnamic condition are
recorded by X-Y recorder, and di sl in detail. Oecillograms
of  various system variables under steady state conditions for
closed loop and open loop control of the drive are presented and
discussed in detail.

ac) e

L e

.2 BTARTING METHODS .
)

As described in chapter 2, the system consists of single~-
phese hridge rectifier, de link dinductor, toad commutated
inverter, capacitor, thyristor controlled inductor and a single-
phase induction motor. Fully controlled bridge rectifier provides
variable dc link voltage input to bridge inverter. Since source
is  do,’ it wcannot  supply lagging reactive power peeded for
magnetiration of magnetic circuit of induction motor, therefore,
induction motor cannot be started directly by this source. The
capacitor connected at motor terminals is charged due to induced
emf induction motor terminals and hence supplies the required
reactive power for motor and inverter. This shows that if the
induction motor is brought to some speed by any means so  that
capacitor, reactive power is enough to provide magnetization . of
motor and  to commutate thyristors of the inverter, the system
will start working and draw active power from do  sorce while
reactive power from capacitor.

Following two methods can be used to start the drive.

”

we2sl Btarting by a Coupled dc Motor

In this method, induction motor is brought at proper speed
by a coupled.dc machine operating as a motor. Terminal capacitor
provides self excitation to the induction machine. As a result of
this, voltage builds up at the machine terminals (working as a
generator). Now power is fed to dec input of inverter, motor draws
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active power from rectifier. The power fed by do machine reduces
slowly and adtive power drawn from rectifier increases gradually.

With +this fthe induction machine changes i1ts mode of operation

gracdually from generating to motoring mode at a frequency which

ie et itself by system parameters. When power supplied by dc

maching becomes neglible, it 1% disconnected from do supply.

H.Zew Dtarting by & Single Fhase supply

This method is used in the present work to start single-
phase induction motor. Fig.. wad mshows circuit diagram of the
sytem to be started by this method. To start the operation of the
system, first the induction motor is connected to single-phase
supply (30Hz)  and is brought upto no leoad (rated) speed. With
capacitor connected across the motor  terminals, de input  to
inverter is given from rectifier, the power flow through inverter
ie established and adjusted so that power drawn from ac  supply
by motor is almost zero. Mow ac supply (30Hz2) is  disconnected
from motor terminals. The induction motor is continued to  run
taking active power from dc link  through inverter and its
frequency s decided by capacitor, margin angle of inverter and
terminal voltage.

5. 5. FERFORMANCE OF THE DRIVE

Figf 5. shows the experimental setup to obtain
performance of ILLCI fed single-phase induction motor drive. The
motor  is loaded by a do machine coupled with it. The domachine
operates as a separately excited generator, Details of motor and
de machine are given in Appendix—A,

Variouws tests are conducted to obtain the following performance
of the drive in open loop and closed loop control.

(i) Steady state performance,
(ii) Dynamic performance, and
1iid Steady state waveforms of voltage and cuwrrent of inverter,

motor, capacitor and inductor.

To  obtain open loop steady state performance of the drive
the controlled inductor is disconnected and  load tests are
performed for different capacitor values. For obtaining closed
loop steady state performance controlled inductor is connected in
circuit  and  load tests are conducted for different reference
speed settings. From the tests, results are taken through meters
connected in the circuit shown in Fig. S.1. The drive performance

ig  given in terms of speed, motor current, inverter current,
motor efficiency and power factor with variation of load (output
power). Fig. 5.2 shows the various curves pertaining performance

of the drive for the closed loop as well as open loop condition.
Fig. deda shows variation of motor speed with output power for
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three different cwnditiwnm; With nosmal SUpp Ly (50Hz) tpen loop
and olosed toop contral of system., Fig. =, 24 shows variation of
speed  with output Power faope different referon o Zpeeds in closed
loop contral Aalong with resulty of apen loop control of system,
Fig. =5, 2c showe variation of Motoe cureent With output power far
different speeds, Fig, S 2 SHowe variation of invertom Current
with OUtput pPower, ng. .28 and Fig., =5, o4 showe variation of
motoe effici@ncy and Power  fae o with output Power,
P@ﬂwectivmly.

Dynamic Performance of  the drive ig obtained for- the
following conditiong:

(a) Dynamic‘péﬂformance Of the System undeps Open loop control

(h) Dynamic PeErformance OF the Systen undee Closed loop contrel.

In open loop Control of Irive, waveforme of mot o voltage,
CUurrent, capacitom current, angd inverter CUPrent apa recorded by
X~y recorder foe sudden charge of Capacitor value, and sudden
change of load., The COPPEEpmdihg cantrel circuit wavefaorms of
speed, signa{ cmrvmﬁpmnding to motoe terminal voltage and dec 1ink
Current are alsp recorded. Fig., =, 35 8hows the waveforms of (i)
Capacitop Clrrent (ii), inverter Current (iii), motoe current andg
(iv)  motor terminal valtage undep dyrnamic conditions, Fig.
@y (i) shows waveformsg foe suddden change of Capacitopr value
trom Sgf FO 400f ang again tp HEAE and Fig. Je3ay (ii) shows for
C 2 sudden change of value of Capacitor from 40Ut tp SO and again

Lo donf, Fig., '5.34 Giddd and (v Bhee waveforms under  sudden

ot

T Tt Toad  fop Lapacitor valyes ot Héuf and A0 f
P@“pmmtivmly. Fig., 5, 3p Shows conteg) Cilreuit Wavetaorms of ()
B @ (iiy terminal valtage ane (11i) de lin current fogp the
BEMEe Citcuyit conditions of Fig., =

‘ For the closed loop control orf drive, waveforms of valtage
and Urrents of Motor,  inverter and dnductor ape Fecarded fop
slcdden change of load and sudden change of reference speed.,  The
umwweﬁpmnding recardings ape ahown in Fig. 9. Ee. The control
Circuit wavetarms of reference Spead,  actual Bpeead, signal_
cowrmﬁpmnding to motoe vorltage and e Link  current are  alsna
recorded and shown in Fig.5.%d in similar cireyit tenditions  af
Fig.s, s

Ca

Steady sltate Oscillograns nof meyk o voltage and currents of
inverter, motor andg Capacitor fop “Rpen ioop contral of drive apre
MeCorded using digital storage cathocde Fay oscilloscope for no
load ag wiall ag loaded condition of drive fopr different Capacitor
valume (Gépf  ang A0uf) . These Oscillograms ape shown  in Fig.
Joda, Fop the closed loop contral of drive, oscillograms af motor
voltage and currents of invewt&v, mator, Capacitor and controlled
inductor are  taken fop ne load ag well as loaded conditions of
drive fop different values of reference speeds  (14660REM and

2
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2O20RMMY and corresponding oscillograms are shown in Flg. 9.5
(a), (), (c) and (d) respectively.

=4 DIGCUSSTONS OF RESULTS
Ho4.10 Effect of Variation of Load on Speed

In Fig. S.2a, variation of speed with output power is
shown  for three different operational conditions as with  normal
supply © (50Hz), with open loop control of drive and with closed
loop control  of drive. It is observed that Open loop
characteristic is similar to that with normal  =supply but  in
closed loop control of speed, speed remains constant irrespective
of  load. Fig.9.2 shows spoed variation with output power for
ditferent reference speeds. [t is observed that in  open  loop
control, speed rises with load for gspeeds above the baze  speed-
and falls for speeds below the base speed. The rise in speed with
load above ,baﬁe speed is due to the fact that lagging reactive
power  of motor increases with load which is balanced by
increasing frequency at constant  terminal voltage with
unsaturated magnetic circuit of motor for fixed capacitor value.
It may be observed from Fig.%.2b that for higher speeds machine
could  be loaded to the lesser extent, it is because of higher
value of stator and rotor lealkage reactances which further
increase with increase in speed (frequency). A machine having
low leakage inductances would give better loading capability.

5,040 Effect of Load on Other Farameters

It may be observed from Fig. 5.2¢ that current at no load
reduces  for higher - speeds it i1 due to the reduction in
magnetizing - current of motor and it e wWith increasing  load.
As  shown in Fig.5.2d, inverter current rises more with load
thamn motor current. It is because of the constant power factor of
inverter, however, motor power factor increases with load as
evident from Fig.5.2f. It may be observed from Fig.5.Z2e and
Fig.%5,2f that variation of motor efficiency and power factor for
open loop and closed loop control of drive are almost similar.

S.4.% Dynamic Ferformance of the System

It can be noted from wavetforms of Fig.%. 2a for open loop
control  of drive that capacitor current and motor current
decrease with  reduction in capacitor value.  Terminal voltage
falls slightly and inverter current rises momentarily. When
capacitor wvalue is reduced, speed of motor rises requiring
accelerating power  due ta that inverter current rises
momentarily. The -observed fall in terminal voltage is due to
suddcen ingrease 1n inverter current. The reverse phenomenon
occuwrs when capacitor value is ingreased. It is also observed
that for a sudden change of load, inverter current, motor and
capacitor current  increase but terminal voltage falls slightly

A8
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due to increased value of various currents. From  the control
circuit waveforms of speed, motor voltage and do link current of
Fig.%.%b, 1t may be observed that speed rises when the
capacitor valug is reduced, dc link current increases to supply
accelerating power and increased rotational losses and results in
fall of veoltage. For a sudden change of  load speed falls
slightly due to increased slip and finally approaches to  steady
state wvalue.

1t iz concluded from Fig.3.%c that for a closed loop
control of drive a suden change in load causes to increase motor
and dinverter curvents and  fall in terminal voltage with a
neglible change in inductor current. It is also observed that for
a sudden increase in reference speed there- is no  change in
inverter current and terminal voltage but there is increase in
motor and inductor currents.  From the Fig.%.2d, it is observed
that speed decreases slightly with sudden change of load and then
approach to its steady state value. DO link current increases to
meet load requirement and terminal voltage falls slightly due to
momentarily increased do link curent. It is observed that motor
speed  rises slowly to reach steady state value when reference
gpeed iz increased suddenly. There is no much change in terminal
voltage  but de link current increases slightly to  supply
increased rotational losses at no load. It is also observed that
with a:@ sudden decrease in reference speed, dc  link current
decreases and terminal voltage rises momentarily, inductor
current reduces.

Fig.9.4a and Fig.9.4c  show oscillograms of  termninal
voltage and currents of (1) inverter ,'.(ii) motor  and  (1ii1)
capacitor, under open loop condition for two different capacitor
values at no load. It is. ohserved that at no load, voltage
waveform 1s  almost sinusoidal  and  the inverter curtent is
continuous. Fig.3, 4c and Fig.5.4d show the same wavefarms at
load for  the two different copacitor values. It is clear from
these figures that voltage waveform also contains some  harmonics
vhich are more for higher speed. Harmonic contents of motor
current are increased with load. The inverter current waveform at
load is similar to that at no load. There 15 no mach change 1in
capacitor  curent waveform from no load to loaded condition of
morbor.

Fig.9.%a and Fig.89.%c show waveforms of veltage and
currents of (1) inverter, (ii) motor, (iii) capacitor and  (iv)
controlled inductor for closed leoop control of system at no load
and reference speed of 1660 RPM and 2020 RFM respectively. It is
obeerved from these Tfigures that voltage and motor current
waveforms contain  harmonics and inverter current is continuous
but inductor current is discontinuous. Harmonics in the motor
voltage are larger for higher reference speeds. It may be
ohserved from voltage waveforms that overlap angle is negligible.
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Fig.5.53h and Fig.5.5d show  waveforms at load for  the
gimilar conditions of Fig.5.%a and Fig.ﬁ.ﬁc: It may be observed
that inductor current is discontinuous at load too. Harmonics in
valtage are more and the motor current contains more  harmonics.
There is no much change in  capacitor and inverter current
wave forms., :

g8 CONCLUS TONS

The various starting methods of drive are described which
may be used for starting of the motors The steady state
performance  of the motor for closed loop contreol under loaded

condition has been studied in detail and  compared with
pertformance ” of the drive in  open loop control. Dynamic

performance of the system under open and closed loop contral has
been studied and it is observed that system is  stable under
sudden change in capacitor value, load and reference speed. It is
seen that the inverter current is continuous and voltage waveform
is  very close to sinusoidal. Motor current is also found nearly
sinusoidal. Moreover, the overlap angle is observed neglible for
the proposed drive. It is also concluded from results that
loading capability of drive decreases with increasing the speed.
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’ CHeEFTER &

COMCLUSTONS AND SUGEESTTONSG FOR FURTHER  WOREK

Ga 1l MATH COMCLUS TONS

The main objectives of this investigation were to design,
fahricate and determine performance of microprocessor controlled
lmad commutated inverter fed single-phase induction motor  drive
for vawiahle’ﬁpmed operation above hase spesed. The drive =system
i  developed and the following main conclusions are made on  the
basis of experimental and computed results,

(i) For +the scheme two fully controlled converters are
fabricated, one acting as rectifier and other as load commutated
inverter. Thyristor controlled inductor is used for controlling
the speed of motor in closed loop manner. The required hardware
along with software is developed for microprocessor  controlled
drive.

(ii) It is observed from the experimental recults  that the
system 1is stable at no load as well as loaded condition of the
motor, It is concluded that a desired range of speed can  be
achieved by varying terminal capacitor value in open loop control
and by varying current through controlled inductor in closed loop
control. In* closed loop control of the drive, speed remains
constant irrespective of load.

(iii) The computed results under ne load as well as  loaded
condition of  the motor show good correlation with experimental
results, thus establishing the validity of developed model.

(iv) The machine could be loaded for lesser values of load at
Migher speads. Loading capability of the machine reduces with
Jincrease in speed. A machine designed for lower values of leakage
inductances would be loaded to greater extent.

(v) The system is found stable at  load and reference
perturbation in closed loop control. The dynamic response of the
system shows the satisfactory operation of the drive.

(vi) From oscillograms of voltage and currents of inverter,
motor, capacitor and inductor, it is concluded that voltage
waveform is  almost sinusoidal and motor current contains
harmonics. However, harmonic contents in motor current are lessewr
as compared to VSI or C8I. Inverter current is continuous even at
no load and the current of controlled inductor is discontinuous.
It is also concluded that overlap angle is negligible.

The conclusions mentioned above show that the system has
worked satisfactorily under steady state and dynamic conditions.
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Due to higher leakage inductances of the motor loading capability
of the drive is lower at higher speeds. For such a drive, machine
having lower leakage inductances would give better results,

6.2 SUGGESTIONS FOR FURTHER WOFRE

The basic objectives of present scheme has been achieved
successfully, but certain problems have arisen during the course
of investigation. The problems arisen during present work may bhe
intersting for further investigations. They are as

(i) In the present scheme the field weakening method is used to
control the speed of motor above base speed. The drive features
may be extended for speed control below base speed of motor.

(ii) Here only ‘single quadrant operation of the drive is
obtained . The drive may be investigated for four quaderant
operation.

(iii) The machine could be loaded for lesser value of load at
higher - speeds. It was due to higher leakage inductances of  the
machine. The drive may be investigated using a machine designed
for low values of leakage inductances.

(iv) 7A 16 bit microprocessor system along with improved control
technigques such  as  adaptive controller etc. may be used to
improve system. accuracy and fast response.

(v) In the present scheme, the speed of drive is controlled
with the help of thyristor controlled inductor. However saturable
core  reactor or  atatic VAR generator can be used in place of
thyristor controlled inductor for improved pecrformance of drive.

(vi) A general computer algorithm may be developed to compute
the performance in steady state as well as in dynamic conditions

of the drive in open loop and in closed loop control.

(vid) © For a cheap drive, a diode rectifier can be used instead
of fully controlled rectifer.

(viii) The drive is not self starting, better starting methods
may  be developed to start it at no load as well as on  load.

g
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AFFEND I X—A
DETATLS OF

Single-Fhase Induction

Voltage

Current

Spead

H. . ,

Frequency

Stator Reactance X1
Stator Resistance K1
Rotor Reactance fe22
Rotor Resistance X2

DC Machine

Voltage

Current

Speed

Horse Fower
Armature Resistance

(11D Tachogenerator

) -

MACH TMNES

Motor
D30
7.1

1446
1.0

B

e OTEE
L9460
2.7784

B O6TEE

440
.5
2650
)

[ Y
wod ol

10,000

20V per 1000

»

¥
A
RFM

Hz

M
M
OHM
(M

y
f
FF 1

{-M

M
FuFM

LISED
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AFFEND T X T

FROGRAM FOR FPERFORMAMIE COMPUTATLION

5 PRINT CHRS (12)
10 READ K1, X1,R2, X2, A1, AKZ, CMA, CHMIT, DG, S0, 6M, DS, V, WK, DF , E, B
20 FC=11 Fr”l
=0 FOR I=1 T0O 70
40 C=CMA~ (I-1) *DC
B O
L0 FOR J=1 TO 30
70 =504 (J~1) #DS
80 GOSUR 5000
8% AF=A0
10O FU=FR+DF
101 BOSUR S000 _
120 IF ARS(AC)Y » ARS(AF) THEN 410
140 FC=FF+eDE
150 BOSUR 5000
151 FRINT AC, AF,FC,FF
160 IF ARS(AG) < ARS(AF) THEN FP=EC AP=AC: GOTO 140
170 IF ABS(AF)Y < E THEN 200
180 FRINT TAR(10);"No Convergence "
190 GOTO 480
ROD PEF=0IF~2%R2/ (21 %5)
210 FEE=CIR-2%¥R2/ (2% (2'-5))
el Pur»rrp .
P
7N‘1 e l'J()() 1
G) *¥SNG
WS=2 1 %3, 14%GNS /60!
W= (1! —~6) % WS
FO=FG~WRO
TGH=F0 /WK
TIMT=FG/WS
FLR=GPGEE+ (2 -8) ®*PGR
DL % (kL)
=Rl R FLS
WRE+FLCU

T A= Fm/hl*luU'

FFEEE L/ (V% (TL)) '

50 *F . ~

FRINT TAHB(10) 305 Sy ‘Nh,;N»,rh,f TEHs TINT3FO;FIETA;FFFLCIL
400 GOTO 470

AZ0 Fl=FF-DF

430 GOSUE S000

440 TF ARS(ACY > ABRS (AP THEN 100

A-dytd UUIH 420 ‘

470 FF
A0

&)



1RO NEXT I

5007 END _

SO0 DATA 1.9460,5.6752,2.7784, 3. 6753, 1%56.7%,16.68,70.0,1.00,1.00
510 DATA 0.0050,0, 1500, 0, 008, 230,00, 104,82, 1.0,&.0,20

LOOL FRINT F(1)

5000 XC=1'/ (314, 14%0C) #10000004#

300540 XM=ak 1 ~AR2¥Y/(FCX50)

020 TBR=R1.

OE0 26T=X1xF0

FOAC ZFR= COFC™2% (XM) 2% R2) /7 (2'%#5)) / C(R2/78) ™24 (FO* (X2+XM) ) ™2)

5050 ZF I=FCXME((R2/8) “24+F0m2% X 2% (X24HXMY ) %05/ CRD/SG) 24 (FO¥ (X24XM) ) ~2)
FOES TRR=R2% (FC#XM) "2/ ((2% (2«8) ) # (R2/ (2~8) ) "2+ (FE® (X24+XM) ) ™2)
S060 ZRI=FCRXM/ 2% ((R2/ (2 -8) ) " 24+FC 2R X2 X2+ XM )Y/ ((R2/ (2 =8) ) "2+ (FC* (X224
70 IR=Z25R+ZFR+ZER

OB ZI=7891+ZRI+ZF]

QO 2= AZRTRLZI2) S

10O Yi=IR/Z

110 Y2=Z1/2

12O ACE (VEY1T+TAN (B +V#Y2) 77+ CWRO+ CTAN (R /Y)Y ) —~ (UXFC/XE)

120 Cli=V/2Z

140 CIF=CL1I#FC®XM/ ((R2/8) 24 (FCH* (X2-FXM) ) ™2y -0 5

145 CIR=CL1%FCeXM/ ((R2/ (2-8) ) 24 (FCH (X2+XMY)Y 2y .5

150 RETURN

&Y



CAFFEND T X-(

SYSTEM SOFTWARE TN MACHINE LANGUAGE

(1)  MAIN FROGRAM

LEREL (\I)D[\L.'“ & M(-\CHLNE.’ INSTRUCT TONS COMMEMTS
1 = CODE = 4 puc

31 00 27 LXISF, 2700 initialise HTACE FOINTER
AE 91 MYTA, 91 initialise H55 1) .
DA O3 OUT O3k Py TN PR U, FCus OUT,FCLe IN
AF XA make all f1P1nu bits low
2058 DX 01 OUTOLH timer TM1, TM2' gates low
ROSA, DI QR OUTO2H
2218 20 85T 2016H store Fort  status
2219 20 8TA 2019H store Fort B status
ED209 20 8TA 2009%H store index S (OOH)
ZE 70 MVIA, 7OH initialize timerg TMIL
313 OuUT 13H THMZE of up kit

C2069 - DX OAZ OUT AZH and TM' {TM2 of extra timer

2O6R . TIZE 8O MYIA, BOH in mode zero

206D DI 13 auT 1M

206F I A OuUT AZH

2071 . ZE FF MYIA, FFH Joad TM2 of up kit with

207X DX 12 ouT 12H FFFFH

2075 Dz 12 ouT 12H

2077 21 DS 00 LXIHOODEH store initial rectifier

2070 22003 20 GHLD 2005M firing angle occ

207D 21 28 00 LXIH 0028+ store initial B

2080 A2 014 20 SHLD 20144

206X ZE 16 MVIA, 16H initialize FIC

2085 )5 28 ouT 28H TCWI

2087 JE 2R MVIA, 2BH

2089 R auT 29 1w

200R ZEOEQ MVIA, EOH OUWI, wunmask IRO, IR1,

208D D% 29 OuUT 294 ITRZ, IR, IRY
MEME 208F IA 18 20 1LDA 2018H laoad Fortlh status

202 E6 YO0 ANMT SO0h Select IMO channel for

2094 DI 02 QLTOEH inputting ref. speed

2OY4 218 20 8TA 201aH store part C status

2O CD 20 20 CALL ADCSK call ARC subroutine

2090 EE00 20 STA 2000H store ref. speed

CAO9F 3A18 20 LDA 2016H load part O status

2OAR2 O EbH 90 AMT 90K zelect IML channel

2004 Fé& 20 ORI 20H of ADC for

2O DE 62 OuT O2H inputting  terminal voltage

20AE F2018 20 8T 2018H store Fort C status

ZOAR CD 20 20 CALL ADCYSK call ADC subroutine

2OAE o 92 02 20 8TA 2002H store terminal voltage

i)



MEM 1

NEMR

201
2084
20R4
RORS
SORE
PORE
w001

2004

2006
2008
2O0A
200D
AODO
2ODH

2ODEG

2008
2ODE -

2ODE
20DF

C20ER

AR

HOES
Z2OEQ
2OEC
ZOEF
2OF2

2OFG

ROFE”
ZOFE

A 18
F& &0
DE 02
3218
Ch 20
32 00
2018
Eé& Q0
F& 40
RE 02
218
cn 20
320
3009
FE O1

DA DE-

ChOER

o ovn
L] #9)

32 09

YA 01
ROy
A OO0
AR OFY
Ch Ex
38 0
I2 Fb
Ch Fa
SEOBE

20

20
20
&0

20

20
20
20

20

20

20

20

20
4
20
27
0&
I
27
(875

20

L.DA 2018H
ORI&SOH

QUT Oz
STy 2018H
CALL ADCSR
OTA R200CH
LDA 2016H
ANT YO
ORI 40H
QUTOZH

STR 2018H
CALL ADCSIN
8TH 2001H
LDA 20O09H
CFL O1k
JCOMEM]
JME MEMR
IMRA

5I0 2009H
El

LDA 2001H
STORT7EUH
LDA Z2000H
ST 27FsH
CALL. MODAD
LDA 20032H

ST 27F6H
CALL MODAD .

JME MEME

load port C status
select INI channel
for inputting deo link current

" store port C status

call ADC subroutine

store deo ling curreant

load port C status

s@lect IN2 channel

for dinputting actual speed

store port O statug

call ADC subroutine
store actual speed

toad index 8

compare with O1H

if carry jump to MEM1
Jump to MEMR

increament accumulatopr
astore indes ©

enable interrupts

load actual speed

store actual speed

laad reference apeec
store reference speed
display ref.& actual speed
load terminal vmltage
store terminal voltage
display terminal voltage
jump to MEM® '




() ADC SUBROUT TNE

18 20 L.DA 201 Lload port C status
7F ANT make S00C bit low
. 02 OUT O2H via PC7 bit of port Cu
8aQ ORI 80K make S0C bit high
02 auT oz2H via FC7 bit of port Cu
20O2R 00 NOF no opetration
L RO E6 TF ANT  7NFH make S0C Fin low
RO2E DE o2 OUT O2H via FC7 hit of port Cu
READ 20E0 DE 62 IN O2H in port Cl

6 of ANT OL check FCO bit

CA 30 20 J7 READ Jump to READ if zero
DE OO IN QOH in port A

Ce RET treturn

f1yi
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MEZMI L

MEMOS

MEMO7
MEMOI6

MEM()E

(G69)]

2
2100
2101
2102
2103
2104
2107

1RO~ 1

2109

2108
210E

P11

211

2116
2119
2116

2ULF
2121
2124
21ETs
2129

P B
E12E
21731
2134

21E6

2139

X s ['\
-

2147
2140
2141
214E

2151

2154 .

2187
2150
215K

218D

»

55

RS

al-n
hei

00
C3
A

FE
DA
CA

DE -

FE

DA
-~

21

21

!
EE
2A
19

e
e al,

ER
21
CD
DA

no
e e

ol
a7
3E

PO

19

FC-

01
19
0c

80
432

O3

10
42
01
O3
O
Q0
CS
89
O3

8F

70

00

=0

00
21
21

Q0

=1

€0

20

20
IF
Q4
21

20

21

4

FUSH I
FUSH D
FUSH H
FUSH FSW
DA 2019H
ANT FCH
OuUT O1LH
ITH 2019
LD 200CH

SFLBOM
JC T MEMO1

MOF
JIMF MEMO2
LDA2OORH

R 7OH
JCMEMOE
JZ MEMO4
SRI TOoH
CRT o 1%M
JC HEMOS

L X THOOBOH

JME MEMOS
CRTOEM
JCOMEMOY

X LHOQ L OH
JME MEMOE6
LXTHOOOILH

XCHG

LHLD
DADD
BHL.D
XCHG
LXTHLFOOH
CALL HI1L.O
JC MEMOS

SHLD Z00TH

JME MEMO4
MOV B, 6
MVIA

SURE

SO0OIH

2O0IH

e e tetes e sk o e e i S50 St e Spene S48 Peh
[
wd

save registers

rectifier firing
FR1 low

mak e
bhite FRO %

load doc link current Idc

in A

compare ldc

Idomas: (=80M)

it fde<ldemay

MEMON

no operation

Jump to MEMOZ

load terminal

vol tage (VE) in A

compare Vt with VUr

it VEaVr jump to MEMOE

it VE=Vr jump to MEMO4

if VYtsVr,calculate VE-VUr

comprarse VYi-Ver with 15H

if YE-VrdliSH jump  to

MEIMIDE ‘

if  Vt-Vrx18H, doc
QO80OH

Jjump to MEMQOé&

compare Vt-Vr with O03IH

it VE-Vri0ZH Jump to

MEM(7

if VE-Virx03H, docc=0010H

Jump to MEMO6

if Vi~V Q5

cdoe o =% (DE)

load oxc in HL pair

oo = oCo + dikc

astore olc

with

Jump to

[y el

check if occ»P0deq

if oCcd90” dump to MEMOS
if oxer9Cf, ococ = 907 and
store
Jump to MEMOR2
if VtaUp
calculate VeVt



MEZMOS

MEMOT

MEMO1O

MEMOE

MEMOZ

MEMOS

MEO ] 3
MEMO1 O

MEMO 8
ME MO 4

21EE
2160

2167E
21466
2169
216R

21 GE
=171 -

2174
2177

2068
2OBY
2146
2147
2146
2148
2 14E

2160

2163

2166

L2 &Y

Z16R
216E

2171
2174
2177
2178

217,

217c
2L7F
2082
2085
2086

2089

@18

21
CT
FE

DA

21

~ e
20t

ER
2R
ER
cD
21
()
DA
19

Lo o]

g

20

153

69

20
77
01

O
CS

DS

(o

89 &

QX

00
CE
89
03

8F

7O
15
&9
&0
77
QX
74
10

77
01

05

cS
DS

Y =
.

SR}

8%

0%

0O

21
QO
21
21
OO0

21
(W18]

1
04
21

20

Q0

21

21

00

21
OO0

20
04
Q0
04
21

20

20

GHLD

CFT31EH
JC MEMOS9

LXIHOQGOH
JMF MEMO 10
CRL OXH
JCOMEMQ 11

LX L HOO L OH
JME MEMO 10
LYXTH OOO0O1H
XCHG

LHLD 2003H
XCHG

CALL. HILO
LXIH OODSH
CALL HILD
JC MEMOS
DADnD

ROOEH
DADLD
SHILLD
XCHE
LXIH 1FOOM
CALL. HILO
JC MEMOS
SHLD 20035H
JMF MEMO4
MOV R, A
MVL A, 70H
SUR R
CRT1SH

JC MEMQOY

2OOTH

LXIH QO0O&0H
JMEP MEMOLO
CFI OXM
JOCOMEMOL L

LXTH OO10H

JME MEMOL O
LXIH QOO1H
XOHEG

LHLD 2003H
XCHG

CALL. HILO
LXTH QODESH
CALL. HTLEO
JCMEMOS
DADD

AHLLD 20075
LHLD 2003EHM

iy

with 15H
jump to

compare Yr-Yt
if Ve-\VtalEH
MEMOS

if Ve-Vtx18H,d ocec=0060H
jump to MEMO 10

compare Vr-Ut with O3IH
if Vre-VEC0IH jump to
MEMO 11

if V-Vt r03H, docc= D010H
jump to MEMO10

1if Vp-Vta0iH, d occ=0001H
(DED =d
Load HL. with
(DE) = (HL.)
Calculate oo = occC
compare o ¢ with 2.9

o<

iep )

It o oce < 2.5 , o = 2.5
CDED) + (HL)Y - (HLD)

load oce in HL. pair

oce = o oco +td oo

store o
L D
check 1f oCoc >90

if oce <90° jump to MEMOS
it o »90% oce =90
Jump to MEMO4

calculate Vt-Vr

compare Vt-VYr with 185H
if VE-VralB8H jump to
MEMOS

if VEt-Vr>185H, docc =0060H
Jump to MEMOLO

conpare Vr-=Vt with 0IH
if Vr=Vt<0ZH jump to
MEMLL

1f Vr=-VExOQEH,
O01TOH

Jump to MEMODLO
if Ve=VEC03H, doco= Q010H
doce > (DE)D
load HL with
(DEDY > (HL)
calculate oge=o¢ec —docc
compare occ with 2.5

doce =

[ S

it ooce 22,8, ogo=2.5
CDED) + (L)Y > (HL)
shore ofc

- d xXc



MEMEOLE
MEMOR

218F
2190
C2192
2193

219%

2198,

2190
2190
219F
21A1
21A%
- 21A6
21A8
21AR
21A0
21AE
2180
21R1
SLR2
21RE

iR

21RS

70
DX
7C
YA
Fé
D

iy
-t il

DE
E6
Ca

C3E

Ly

et

EE
D
F1
E1
D1
C1
FE
c

20

20

21

20

Mov
ouT
MOV
auT
LDA
(IS

£yl
11K
ALH
11iH
201 EH
1OH
Our O
GTA 2018H
N Q2H

AMT O«H

JZ O MEMOLR
MVIia , O1H
STA 20006H
D1

MVyIn
QuUT 263+
FOF SN
FOF M
FOF D
PO R
EX

RET

&HOM

iy

O

rea ool oeiee s ey sonen seme vanne

load timer TMI(11H)
with rectifier firing
angle oco

make timer- TM1 (11H)
Righ via FC4 bit of
Fort Cu

gate

in Fort © in A

check PC2 bit

if low jump to MEMOL12
it high make index R
as OiH and store
disable interrupts
isaue specific EOI
command

recover registers |

enable interrupts
return to main program



(rv)

1

MEME 1

MEME R

TR1-158

~
e

2280
2281
2284
CREns6

22689
228C

2298 .

2290
2290

DRGE

202A4

REAG

2208
2EAR
aEA0
226E

2ERO

lel:y

TR

tre s tans Shese $3bie G188 ke BLES hbes imes Bendd dnamy Whbhs dinke seree bt seses Sams beten sores

oy
!

Fs5

SR 0A
FE O1
DA 95

’ 3" é.\l

4

FOF
20 LDA
CF I

22 JC

20 1LDA
AN
ORI
OuUT

22 JME

20 1.DA
AN
ORY
our

20 8TA

20 L.DA
ANI
OuT

20 5TH
DI
MV T
QuT
O
E1
RET

#5405 et i G4ee 49304 SH0R0 403D Sobtn Seatd Shrk mam GALSH bares Sopse SN res mams Mt s mien ceash PHLMH ALl 40004 By Hrsn frben seete Seate bease

FeW
2O0AH
O1H

MEME]

BO1L9M
FOoM
ORH
OLk
MEME2
2019H
FOH
O1K
OLH
2019H
2018H
EFH
O2H
2018H

A, G1H
2H
F&l

push FSE into S8TACK
check index R

if index 1s OOH jmp to
MEME 1

if index is O1H, fire
133 pair of thyristers
via bit FElL bit of PorR

jump to MEMED
fire 254 pair of thyrt.
via bit FPRBO of Fort R

make timer TM1 (11H)
gate low

disable interrupts
igsue specific EOI
command

recover registers

enable interrupts

return to main

" a0 e tovas T Fost Pag et Se0ve et fratn Sest b AT ek b s Seaae Sases bechd Shems Hesy e P ekt i rebie wins S0t St ey e S €isas sorme hars e v S e e
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2507
2509
2E0CH
SECD
2EDO

2400

240%
24 4)
DAOT

24060

240
EAOF
2412

2413

.....

19
ene
o i

00
00
26
A
4F
IA

19
Cx
(]
01
19
0R
Q2
55
01
OR
12

12

FF-

12

12
12

00
CS

SA

10

00
(B18]

OO0

01

20

20

20

04

0y

O

FLISH E
FUSH I
FUSH H
FUSH S
LDA 2019H
ANT  CEM
ORI COM
OuT O1H
5TH 2O19H
IN QR

ANT R

JZ MEMY?
MVT Ay OLH
8TH 200FH
IN 12H

MOV L, A
INLZ2 H

MOV M, A
MVI A, FFH
OUT  175H
OuUT 12H
MOV DA
MOV E,A
CALL HILD -
XCHG

SHL.D 201 FH
XF
ek
MOy
RAR
MOV
MOV
RO
MOV
XOHG
LXIH O900H
CALL HILO
JC MEMYS

Ay H

H, A
A, L

L,A

DADD
SHL.D
MO
NOF
LD 201 a4
LDA Z2000H
MOV €, A
LA 2O01H

HO1T0H

save reqgisters

make inverter % inductr

firing
TM2 (A2

in 1

check FC1

hits
gate high

it

low, timer

of port C1

bit

if zero jump to MEMYZ2

make

read

load
wi th

calculate
and store

caloul ate

checl

if Q0 deqg
Jump to

indesx

timer

timer
FFEEH

I as OQOIH

TM2 (12H)

™2

(12H)

180 deg count

0 deg count

Y0 deg count

count £ O0900H

MEMY I

store R0 deg count

load Boin
load ref
move ref
load

HL. pair

speed 1n A
speed Mr in C
actual

speed Na



MEMY 11

MEMY S

CMEMY 14
MEMY 4

MEMY &
MEMY S

MEMY 3

MEMY &

MEMY 10 .

MEMY 12

241A
241D
241E
2421
2424
DaR7
2428
Saln
2420
aARF

2450

245
24784
24T
AT

.....

2440
2447
2446
2447
2440

2448

245EE
244E

2452

o -
'ﬁqbb

2457

2458
245D
245
2460
2461

2468
2469
2460
Z46B
2460
246D
2496E
246

2471

2474
2477
2470
2870

24T

2482
2485

R

CA

DA
E R

IR

D

DA
ER
Cx

=0
2R
6F
C5

30

320

8R

14

10
CS

0%

SA

00

oR

05

Al

~

.

s

am

=28

20
76
1%
21
(]
35
O#

04

24

24

04
24

=24

20

20
04
=4
2t
24

20

S 20

04

O

=)

20

24
00

24

iy
00
=4

Q0

CME
JZ7 MEMY4
JC MEMYS
XCHEG

JMFT MEMY &
CALL. HILD
JC MEMY4
XCHG

JMF MEMY 4
XCHEG

JHE MEMYY
DADD

SHLD 201 4H
X (HE

LHILD 2010H
CALL ML
JC MEMY®R
GHLD 201 4H
TME MEMYS
LHLD 201 4H
XCHG

LHLD 2012H
XCHG

CALL HILO
XCHG

SHILD 20054
JMF MEMY R
MVIA, OOH
STHA 200EH
LHLD 2005H
MOV A, L.
OUT ARH
MOV A, H
OUT ARH

DI

MVI A, &RH
OUT 28 H
FOF FSRW
FOF M
FOR D

FOF R

=1

RET

SUB ©

CHT 20H

JC MEMY 1O
LXTH 001 5H
JMFE MEMY L1
CFL OSH
JUOMEMY 12
LXTH OO0
JMFMEMY 1 1
LXTH QOO1LH

compare Na % Nr

if Na=pr jump to MEMY4
i NashMe jump to MEMYS
elae find dR

Bl (Bl R

jump to MEMYA4

find di
Be=l3-d B

check B

calculate o 1=180R

store o 1

jump to MEMYZ2

if FPCL bit if low store
indey T as OOH

load o 1 in timer

T2 (AZH)

disable int.
specific EOI

recover registers

Bnable int.

return to main prog
calculate Nakr

compare MaNet with 220
NaN g M, Jjump to MEMY 1O
NeaNe s 20H, dBRs=0015H

jump to MEMYILL

Compare NahNr with OSH
MaNr<O%SEH, Junp to MEMY12

Jump to MEMYL]
dR=000 1M



2468 G321 24 IMP MEMY LA Jump to MEMY11

MEMY 7 2498 A7 MOV EB,A
2480 79 MOV A, C
2480 Q0 GUR R calculate MrNa
248E FE 20 T 20 compare NriMa with Z20H
2A0 DA 99 24 JC MEMYLXE MeNa<20H, jump to MEMY1X:
2497 21 15 00 LXIH OO15H NrNa > Z20H, dB=0015H
DAL CIZ 2F 24 JIMP MEMY14 jump to MEMY14

MEMY1Z 2499 FE 05 CFHI O3H Compare NrpMa with QSH
249R DA A4 24 JC MEMY LS _ MeMa<Q3H, jump to MEMYLS
DAQE 21 08 00 LXIH QOO08K NrMa=OEH, dB=0008H
24A1 C3 2F 24 JMF MEMY14 Jump to MEMY14

MEMY 1S 24464 2101 00 LXIM OOO0O1H NeNa-=OEH, diR=0001H
2407 CEO2F 24 IMP MEMY L4 jump to MEMY14

Aveen 41400 Oheos Srre sorss Somin Sekie detis beses Mere Se0s VRS BHERe Soses SOMRS Wmewd Arie Ghete Gt WSS LM S804 Me0ih SaASY SIS B4 ervs svsis TAAR PURWS WA R fores AR PSS boe4b SUEH bebed SNIFR IVeth W) Masbe wmmds Moo M mree Meied bl MOPS S60et e reeim Mest Srred NS arh Amren O So0R S0ed Moo Geres PTI0 Tomem e
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(VI IRE-168

MEME 1

MEME2

2EAR
@AY
2EAG
PEAT
2HAB

04
01
19

b3

20

20

oy v
o

20

20

a

FUSH FSW

LD
CFT

2OORH
O1H

JC MEME]

L.DA
ANT
ORI
T
JME
L.DA
AMT
ORT
OuT
8T
DI

20 19H
FEH
O8H
O1H
ME ME 2
201 9H
M
O4H
O1H
20 1 9H

MVIA,6EH

OUT
FOF
El

RET

2EH
FHW

(A%

cave tregisters

load inverter index 1
check index I

if OOH, jump to MEMEL

if index is O1IH then

fire HCR pair 1,2 of

inverter via FR3I bit

0f port B

Jump to MEMER

if index 1 is QOH then
fire SCR pair 2,4 of
inverter via FER2 bit of
port B

disahle interrupts
specific EOI command

recover registers
enable interrupts
return to main program



(VIL) IR4-169
1 - =3 3 i

24C0 F3 FLSH F5W save registers
aqtl 20 20 L.DA 200EH load index 1
2404 FE 01 CHI OLtH check index I
2406 D& DS 24 JC MEMAL if zero,ijump to MEMAL
2409 EAO19 20 LA 2019H it indes is OLH, fire
2400 Eé& 4F ANT  4FH SCRI of controlled
w4CE F& 20 QRT 20H inductor via FR4 bit
2400 DE 01 auT 01 of port R
24D2 C3 DE 24 JMP MEMAR Jjump to MEMAZ

MEMAL - 24D5 I 19 20 LDA 2019H ‘ if o index is OOH fire

‘ 2408 Eé  4F ANT  4FH SOR2 of controlled

2406 F& o110 ORI 10H inductor via FBS bit
24D DA 01 OUT OLH - : of port R

MEMAR DADE . 3219 20 8TA 2O019H
R4EL - = Dl .
CRAER CEE A4 MYT A, &4 epecific EQI

CLR4E4 DE 28 QUT 28H

24EL F1 FOF FEW recover registers
2487 Fg (2 enable int.
24E8 Co RET return to main



—~—

AFFENDI XD

Fig.

D.2 FFI 8255A

sent Work

Fin Details of Different IC Chips used in Fre
T ———— e — - - ——— . . .
: I
.
™
' a 84
~ —_ i 3
e S =L = '_»_ . a r
ey XKD = 23 5 !
e o XD 2XTT 52 d
Fewl 45230353 SESIE g 13 |- £
skalalatslstolalbabals NN P M R IR o
AnsaazEzeoac) O TESISISI BRI, k-
Pl = vl B KO R W) o592
v il I A e b AP I -
s 3|131A =12 ] 2 .
HAEINREE 2 =
DOl O[O+ {C
~
Ziz - o
=l <| [ st
HE R AL s
SiShxtz O |C>]0
Pre ez oa oo
, 1’ \— -
It
- -;' . N
N N T &
, — NS h
b 2 s T3 x OV,
RS e &R []: 7 [Ja.
S o R N TN /5 » [ iwTs
N LN{an I).EJ 15 :|R~
T LR} rj“ !
N T = D, s 24 1R,
——d - s +
' PO jro R2seA [0 D.[]e 23 IR,
L Wi . g, 2P
i -
'\\‘I\'_:]‘.‘ '_‘u"l|: . i).c“ 2':[R.
LN R A G ) D, Qo 20 [IR,
IR o RE 30 . 0, e 19 IR,
W, s 3N D, O] (8 [ IR,
e, Oin SR . casol]n: 17 [ZJINT
C i cAs 1] 16 [J) SPFR
‘B X Rl GRINE T -
Fha L1 o GND [T] 14 15 D CAs 2
R 19 21T el
PR. ] 20 N GEEET] .
Pin Noames Pin Names
[~ Y
ALY .gﬂigiiﬁﬁ?‘ﬁﬁ’ % D, Data Hus (Hidirectional)
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Port Adbioas (&3 Chip Select
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| PH. PR, P Bk ] SPTN Slave Program/Enable Buffer
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Fig.D.4 AND GATE (IC 7408) ‘Fig.D.4 TC 555 AS OSCILLATOR
Q ' | | )
' !
INO —26 22!—~———-ALE .
CINY —27 25'{4—--——-— ADD A
IN2 —~28 ' 2&r——-ADD 8
N3 —] 23— ADD C
ING —2 2*';—~——' 271 MSB
N¢ q 5 IN§ —=3- ~ " 20F— 2'2
- I ) ) Lv. . -3
| IN6 —j4 apCosos |
REE L, S N7 2
| 1 2y CLk—fi0 e———-z*i,
(NPUT 744 vee — S
oLy
3 S e i REF (9—12 t—277
12V y REF (-)—=116 17—2-8 LSB
| ’SJ"T\TC’ GND —13 7——-—-*. E/C
START —6 g le—— QUTPUT

ENABLE |
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FORT ADDRESS O0F YARIOUS PERIFHERALS

FELogamEsas )
FORT FORT ADDRESS
EORT O ' _ QOH 2 O4H
FORT B O1H % O5H
EORT O O0EH & O&H
CRR ' OZH % O7H

FIT 8REE~1

COUMTER L FORT ADDRESS
COUNTER O ' 1OH % 14H

COUNTER Lk % 15H
COUNTER 2 L2H % 16H
CWF ' 135 %1 7H

FN

FIT aB2-2

COUNTER O AOH
COUNTER A1H
COUMTER
CWF ) ATEH

SR

FIC 82590

DATA WORD o : 2EH % ZOH
COMMAND  WORD 29 L 2DH

SIGNALS AT CONNECTORS J1, J2 AND J3

FIM MO J1IGFACE J& SPACE JE SBPACE
1 ) CABO F1Ca Faca
2 CABIL F1es PRCES
5 case ' Fles F2C2
< SF/EN ) FR2CE
9] IROQ Fi¢o FRCO
6 IRL FLCL . F2C1
7 ITR2 FiRé F2R&6
&) IR F1ER7 F2B7
9 IR4 F1B4 : FaR4
10 RS F1ES - 2RSS
11 ITRé& FIR2 F2RE
12 IR7 iRz a3
) GO F1R0 2RO
14 GATED F1it FERL
1% ’ OUTO F1mé . 206
Lé [ AT , PR
17 GATE 1L Fr 16y F264
18 OuTy 1 A% _ FR205

(@)



ik
b

o
GATER
OUT2
RET7.5

KT b

. ‘vl li'.:-

GIND
GIND

F 462
IS AN
4 A0
1
P
Fei(7
£
G

(29)

F2a
PRAS
FRA0
F2al
L CH
Rl
GIND

GND



	Title
	Abstract
	Chapter 1`
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	References
	Appendix



