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ABSTRACT

The ‘dissertation cOnberns the deSign; fébricétion and

- performance of the microprocessor cohtrolledicommutator;ess'd.c,
series motor by using induced véltage'commutated inverter along
with induced voitage sensor. The firiﬁg pulées'for thyristors
of the inverﬁerAare genérafed bf thevmicrbprocessor in proper
sequence with the help of synchronizing signal derived from

the terminal voltages of the synchfonous machihe. A three-<phase
synchronous motor supplied by a line commutated invertef (LCI)
with the eXcitation‘wihding‘connected:in‘series to the d.é.f
link becomes equivaient to a simple(oommutatquess d.c. Series

motor which gives excellent_d.¢._series motor characteristics.

The Steady state analytical model of the drive-is deve- .
loped by using steady stafe equivalent circuit and performance
is,computed theréfrom.\ The perfofmance-is obtained experimen-
tally also using‘the fabricated system.and'thé experimenfalg_
results have shown'a‘gbdd correlation with the'computed reSu1tS.
The Configuration of the firing angle control Scheme - used in
present work is comparatively simple and requires 1éss software

and hardware in comparison to the earlier schemes,
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NOMENCL ATURE

The rms value of line to neutral no load terminal voltaga
The rms line to neutral machine terminal voltage.

The rms value of the fundamental component of the
machine line current.

Direct axis component of Isy

Quadrature axis component of Tgy
DC 1link currént;

Real a.c. power fed to the machine,

DC power fed to the LCT,

Average d.c. output voltage of the rectifier,
Averége d.c, input voltage to the LCI.

Direct axis synchronous reéotance.

duadrature axis synchronous reactance.

Commutating reactance.

AdJjusted direct axis synchronous reactance.

Ratio of adjusted quadrature to direct axis synchronous

reactance,

Flux per pole.
Machine speed in rpm,

Machine speed in rps.
Resistance of field winding of synchronous machine.

Resistance of the d.c. lihk inductbr,
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i Supplementary displacement angle of I

Supplementary displacement angle of I,

(v)

Stator resistance 'of synchronous machine;

Inverter firing angle in electrical degrees.
Inverter lead angleﬂin\electrical degrees.
Commutation overlap angle in electrical degréeé,

with respect

to Véy in electrlcal degrees. . sy

with respect-
to Esy in electrlcal degrees., sy

-ThyfiStor turn-of f angle in electrical degrees.
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CHAPTER - I
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- INTRODUCT.ION

e w w

Many modern variable speed drives require a precise and
smooth control of speed with Long term stability and good
transient performance. From the very beginning, thé' conven=-
tional D.C. motors have been used as Variab1e>5peed drives
in bany industrial applications. However, for reliablé

operation of the system, the D.C. motor drives are not advisa-

ble in many cases due to the following drawbacks [1]:

i) Mechanical commutator needs regular maintenance.
ii) The commutator construction ineréases the cost of
the Drive. '
'1ii) Power/weight ratio is reduced,

iv) Brush and commutator wear occurs ,due to sparking
and friction,

v) The mica insulation limits the voltage between
the segments., ' ]

vi) Unsuitable to opefate'in dusty and explésive
éenvironments. -

Commutatorless D.C. motoér [2~13] drives which uses
synchronousS motor can beé used mos% economically as variable
spéed dfiveé in place of conwentional D.C., motor drives,
over a widé range of Speed.~ Synchronous. motor fed by a

line commutated -inverter (LCI) acts like a commutatorless
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D.C. motof° This drive has several advantages in their
favour Cqmpared “with variéble' speed drives uéing 6ther types .
of motors., Syhchronous motors are rugged reliable and free
‘of trouble some commutator maintenanoe; waér cifcuit and
firing oircuit configuration of 'LCI are'quite Simple in
$tructure. Moreover, this drive provides the variable speed

characteristics 1like those of conventional D.C, motor {5,71,

Forced commutated inverﬁers have been widely used as
variable frequency éource. for Spéed control of -synchronous
machine. However,‘this schemé needs complicated powér and
Gontrol circuits [14]. As a result of availability> of
-impr5ved, voltage ‘and curfeht_rating thyristors and with
4their-prices coming down, people have shown considerable
interest in synchronous type machines used as commutator=-
less D.C. motors instead of conventional D.C. motor for

variable speed drives.

The rotating fype of frequeﬁdy cohverﬁers were used
previously to'obtain'variéble frequency output from fixed
frééﬁenéy §Uurce, But riow théy are ébsolete at-the advent
of siliconaéontrolied rectifier' and are replaced by the
solid étaté'frequency converters [1].- The solid state
vériable frequency source available ét present for A.C.

drives can be classified into three categoriess

i) cycloconverter
1i) voltagé source inverter

'iii) current source inverter
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. A cycloconverter converts a.c, bower of fixed frequency
to a lower output frequency in‘a Single conversion step. The
output frequency range is preferably limited to one third

of the supply frequency i 15 ] and therefore-tne drives emplo-
Yihg oyolodonverters are suitable only for Operation'at iow
fféquehoy. It can be designed .o produce variable frequency,
variable voltage power to drive a.c, motors. It is inherently
capable of power transfer in either direction between Soﬁrce
and load. The cycloconverter delivers a high quality sinusocidal
waveform at low output frequencies. One importanf édvantage

of cyCIogonverter drive is that regeneration is simpie and

the system can be designhed for four qguadrant operation, Tﬁe
commutation of SCRs in a cyclooonvérter is natural but it
reguires a large number of thyristors and its control_circuit
is more c&mplex. The cycloconverter has a low input power
factor, Sﬁch driVes are normally used in very large power
applications, But the cost and complexity of power and control
circuits make them uncompefitive with other classes of drives,

Voltage source inverters are generally clasified into two

types:

a) Sguare wave inverters

b) Pulse width modulated (PWM) inverters

Square wave inverter drive Ptilizes a controlled

rectifier to transform the incoming a.c. voltage to

variable D.C. voltage. This is followed by an inverter

section, The freguency of the output is controlled by

)



sequentially switching +the transistors o thyristors in
the inverter section in six disaerete steps. Square wave
ianverter has a number of undeéirable effects sQéh as addi=-
tional harmonic power losses and torque pulsations in the
motors. It reguires large amount of d.c, filter components,.
Which consists of the d.c. inductors and filter capacitors,
The commutating capacitor in the VSI 1is usually chérged |
by the d.c, link voltage, hence coumsutating capability
'decreases as the D.C. voltage decreases [16]. This type of
inverter causes increased commutation losses and requires

complex firing control circuitry.

The pP#M drive generally utilizes, a diode rectifier
to provide;a constant D.C. voltage. The inverter section
in this type of drive therefore controls hoth voltage and
freguency. In"PWM inverters, thyristors are switched on
aﬁd off many times ~in each half cycle to generate .variable
voltage output., There are many techniques +to achieve Puld,
But sinusoidal PuM techniques [1] is most common, This
technique reduces the harmonic 1losses to a great extent
but it suffers from low inverter efficiency. Since a PWh
inverter presenfs a closer simulation of sine wave power
to the motor, less power filter components are required
E15].' However, the complex switching waveforms in the
inverter reéuire the most complex regulator and losses

due to switching can be high.



The'commutating circuitry increases tne cost of the
inverters., The PwWM drive has nearmuhity power factor due
‘to the diode rectifier input and constant patential d.c,.

link.

A current source inverter drivé also uses a controlled
rectifier to.convert a.c. to vériable patential d.c, The
inverter section produces variable frequency six-step current
and the voltage follows the current with commutation Spikes
due to thyristor firing. The current source inverter fed

a.c, drive has the following favourable features [17,18]3

i) This drive has the ability +to control the motor

current which results in complete torque control.
ii) Commutation losses are lower thén in VST drives
iii) Regeneration is possible
iv) The inverter can be designed with low speed SCRs.

v) Fault current on the inverter side rises very
slowly.

vi) The CSI controller tends tc maintain a higher
level of efficiency than that in VSI drive.

Howaver, against the above mantioned features, the:
s> ?

CSI fed drives have the following draw backs:

i) The current controlling chanacteristic of the
drive necessitates a large filter inductors
dug to the necessity of ébntroliing theé motor
solely by current. ‘



ii). The frequency range of inverter is lower and it
can not operate at no load condition.

1ii) The drive has instability problems and sluggish
response at light loads and high speeds.

iv) The commutation is dependent upon the machine
subtransient inducta.ice. which adds large transi-

ent over voltages at machine terminals.

The 1line commutated inverter overcomes all the
problems of forced commutated ~inverters (VSI or CSI)
as well as cycloconverters. A line commutated- inverter is
obtained -by operating an SCR bridge in continuous current
mode with firing angle greater than 90°, The sequential
commutation of SCRs is performed naturally with the helpA
of terminal voltages of ‘the Synchronous machine conaected
on a.,c, side of the inverter. The line COmmufated inverter
requires reactive power for commutation. This'reactive
power is supplied by the synciaronous machine operating at
leading power factor. Somerf the favourablé characteris-

tics features of LCI are [14;191:

i) Commutating components are not required. A4s a
result inverter eost is reduced to a great

extent,

ii) Harmonics in the output voltage wave form are
reduced. ’

iii) The triggering circuit requirements are com-

paratively simple.



iv) Commutation losses are reduced.

v) Line commutated inverter fed synchronous motor
can be efficiently wused as a variable frequency

source to drive other a.c. motors,

vi) LCI drives provide stable operation within the
desired range of speed,

Against the above mentioned features, line commu-
tated inverter fed synchronous motor drive has the follo-

wing limitations [17,20]:

i) It is not self starting. Extra starting arrange-
ments are required to start the synchronous

motor which increase the cost of the drive,

ii) Commutation failure occurs at lower speed and
the range of speed is therefore limited by

this factor,

iii) Since the sinusoidal emf of the synchronous
machine is available at the a.c. terminals of
the inverter for commutation of inverter thyris-
tors, the inverter must be current fed and this
necessitates the use of large link inductance.

iv) The inverter can not recover after a commutation

failure.

In the present work, a line commutated inverter has
been proposed to realize the commutatorless D.C, series

motor drive.

The commutatorless D,C. motor system uses a

conventional sSynchronous motor which is "interfaced to



a d,c, power sﬁpply by a variable frequency thyristorized
iaverter., The inverter switches the power to the appro-
priate stator windings of the machine. The invefter firing
is controlled by the synchronizing =ignals obtained from
an induced - voltage sensor or a rotor position sensor.
Induced voltage sensor uses a step dowa transformer for
sensing the terminal voltége of the synchronous motor and
it is simple as compared to rotor position sensor, The
combination of sensor and invertor replaces the comuautator
of commentional d.c. motor and inverter frequency is a |
function of the motor speed. Thus the synchronous motor
iteelf 1is the cont;ollerg much the same as a conventional

d.c. motor,

Starting éf commutatorless motor is another impor-
tant factor to be coasidered, Commutatorless motor is
unable to start from standstill condition. Extra starting
arrangements are necessary to start the motor ffom Standstill.
This is the major drawback of LCi fed synchronous motor
drives., Several metnods are known for sStarting purpose.
Some of these techniques 207 reported so far are as

follows:

i) Starting with an auxiliary thyristor in parallel
with D.C. 1link inductor.

ii) ‘Starting without an auxiliary thyristor

iii) Starting using an auxiliary motor.



Since the combination of LCI and synchronous motor
constitute a commutatorless d;o.vmotorg hence three types
of CLM can be realized by placing the field winding in

different positions.

i) Separately excited co-mutatorless d.c. motor
'ii) Shunt commutatorless d.c. motor

iii) Series commutatorless d.c. motor

The commutatorless motor of induced.voltage commuta-
tion typeAis very practical due to its simple Strdctures;
However, ih case of shuht type CLM the éommutation angle
increases with the load current resulting in the decrease.
of margin angle (6) which aften causes commutation failure
[13]. This type of commutatorless motor has limited over-
load capacity as compared to'the series type CLM [5]. In
series type CLM, the field winding of the synchronous macih-
ine is connected in series with the d.c, link. Commu-
tatorless D.C. series motor exhibits the characteristics
E5,7J gimilar to that of a conventional d.c. serieé mo£0r¢
In case of series type CLM using natural commutation, over-
lap angle (p) and commutation mérgin_ angle (5) are inde-
pendent of both the load current and machine speed provided
the magnétic saturation and - armature reaction are negli- ‘
gible [4,5,7]. For this reason, it operates withouf commu-

tation problems even in overload condition [51.
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In the present work, microprocessor based commuta-
torless d.c. series motor has been designed, fabricated

énd tested.

1.2 LITERATURE SURVEY

A large volume of research has been done on the
shunt type commutatorless d.c. motors. From literature
re&iew, it is - found that not much work has so far bheen repor-
ted in the field of series commutatorless d.c. motor.

Kenji Watanabe, Katsuji Oyamori and Noriaki Sato [ 4]

have discussed the effect of magnetic saturation on the
‘operating characteristics of sSeries commutatorless motor.
They have aiso verified that operating regidn of the CLM

can be widened by attaching compensating winding.

F.C.Brockhurst | 5] has sestablished performance
equation for D.,C, commutatorless motérs using salient-pole
synchronous~-type machines 1in terms bf machine inductances.
Speed independent equations for comsutation angle, commu-
tating current, critical angle, safety angle;, térques
and instantaneous damper currents have bz2en daveloped
G.Hanfifscher L 21] has developed a microprocessor based
scheme that generates the necessary synchronization logical
signals for three phase static power converter control
systems. The problem of detecting the phase»tonﬁhase vol-
tage zero-crossing in presence of noise generated by

thyristor commutations in constant and in variable freguency
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voltage and frow the circuit configuration of the system,
The firing angle may take any value from 0% to 180°,

Ajay Kumar, R. Anbarsu and B.P.Singh L7] have analyzed

the steady state performance of series commutatorless D,C.
motor using induced voltage sensor. It has been experi-
mentally verified that overlap angle, power factor . and
armature reaction angle are independent of'frequenoy and

load current,

H. Naito, K. Iwamoto and Funio Harashima [\12] has
determined analytically and verified the dynamio charac-
teristics of lead angle controlled ccminutatorless motor
and have pointed out the instability problems, associated
with this type of control method. Tokeda, S.Monimoto
and T.Hirasa [13] have discussed the generalized analysis
for steady state characteristics of D.C. commutaturless
motor. The variation of commutation angle,.éhift angle,
demagnetization due to armatufe reaction, safety margin
angle, average torque and speed with méan input current
are examined guantitatively for cylindrical and salient

pole motors,

M.V.S,S5. Ranganadhachari, B.P. Singh, R. Anbarasu
and R. Arockiasamy [14] have presented experimental inves-
tigation on 1line commutated inverter synchronous machine-
as a variable frequency source. It has been yerified ex-
perimentally that inverter synchronous machine scheme wérks

quitesatisfactorily as a variable ‘frequency source for bhoth
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static and- dynamic” loads, Chandrasekhar Namﬁduri and

P.C. Sen L25] have described a digital simulation method
for the self controlled Synchronous motor in time domain,

The effects of damper windings and saliency on the torque,
and voltagé and current waveforms are also studied wusing
digital simulation technique wh n the ﬁachine is operated -
from a voltage power inverter and a current source inver-
ter. Performance of the Synchronous machine with nonsi-

nusoidal voltages and currents is simulated under both

Steady state and transient conditions.

In 1983, J. Davoine, R, Perret and Hoang-Le-Huy
£1] have discussed the micfocomputer controlled opera-
tion of self-controlled synchronous - motdr.employing termi-
nal voltage Sensing'technique. In this scheme the stand-
still position of rotor is computed by microbomputer by
analysing and sampling the induced voltage in the stator
when a step voltage 1is applied to tne field winding. The
microcomputer also takes care of starting "the motor from
Standstill by using auxiliary thyristor in parallel of

D,C, link inductor.

AT AT L nsyien —pes 3 ——

1.3 SCOPE OF PRESENT WORK

A salient type synchronous. motor fed from a machine
voltage commutated inverter is considered for realizing a
Series type commutatorless D.C., motor, Three phase uncon-

trolied rectifier, thyristorized line commutated inverter
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and a simple microprocessor based firing control Scheme
using 1less hardware components are designed, fabricated

and eXxperimentally tested,

An interfacing circuit of the progfammable interval
timer 82534 is designed and fabricated for using in the.
present stheme. A look up table method for displaying
speed in the address field without any extra hardware is

developed.' The system software is implémented and. tested.,

The steady state ahélysis of the commutatorless D.C.
Series motor is developed by using equivalent circuit and
vector diagram ef the drive. The steady state'performance
characteristics of the drive are computed such as machine
terminal voltage, machine current, power factor, commuta-
tion angie, safety margin angle, active and reactive power,
Speed and toﬁque by varYing D.C, link current at different
D.C. 1link voltage and firing‘angle using DEC—Zosd mainframe

digital computer,

The perforﬁance of the line commutated inverter is
investigéted. The no load test is carried out on»the SCLM
system by Varying.D,C. link voltage with éonstant'firing
angle op varying firing angle with constant D.C. link vol-
tage. The load test is performed on the drive at diffe-
rent D,C, link voltage and firing angle and the s teady
state performance of the drive is obtained experimentally.

The experimental results are compared with the theoretical

\
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ones and the discrepancies between the two are discussed.

The oscillograms of machine terminal voltage, machine
current, D.C., link voltage, D.C. link current at no load and
load conditions and waveshapes at different points of the

firing circuit are recorded and discussed.
Outline of Chapters:

In chapter II, the complete hardware of the present
scheme 1is disoussed in detail. The design of power circuit,
microprocessor bpased firing control circuit uéing less
hardware componehts and pulse amplifier circuit are pre-
sented 1in this chapter. The interfacing technique of the

programmable interval timer 82534 is also discussed.

The implementation of software and flowcharts of
the commutatorless D.C. series motor is discussed in
chapter III., The various subroutines wused in conjunction

with the main program such as ADC subroutine, DIVISION
subroutine, MULT subroutine, TRg interrupt‘subroutine, IR2

interrupt subroutine, IR, interrupt subroutine ahd SPEED

subroutine are also developed in this chapter,

Chapter IV deals with the steady state anaiysis
of the drive , The mathematical equations for steady state
analysis are obtained by using equivalent circuit and
vector diégram of the SCLM system. The results of

. experimental investigation of the fabricated system are
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presented 1in chapter V. In the last chapter, main conclu-

sions and suggesticns for furthsr works are discussed,

The ratings of the machine, pin details and connec-
tion diagrams of different IC chip, assembly language
program for firing contrcol of LCI and fortran program

for steady state analysis of the drive are given in Appendices.
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Y Mt i

PESCRIPTION OF THE SYSTEM

2.1 GENERAL

The complete scheme for realizing a commuﬁatoriESS
D.C, series motor is described in this chapter. A micro-
processor based LCI firing angle control scheme philo-
sophy is discussed 1in depth together with the ‘hardware
requirements, The synchrondzing signal is generated by
Sensing two 1line to lineA voltages from synchronous machine
terminals. This signal is used as an interrupt and at the
same time to store the frequency information of the machine
voltage. The interfacing feohnique of the programmable

interval timer 82534 1is also given in this chapter.

2,2 PRINCIPLE OF OPERATION

The block diagram of the commutatorless d.c, series
motor is shown in Fig. 2.1. It basically consists of an
autotransformer, anm uncontrolled rectifier bridge, d.c. 7
1ink smoothing inductor, series field winding, line commu-
tated inverter énd a 3;phase synchronous machine. The
uncbntroiled rectifier, togetherlwith the smoothing induc-
tor, acts as a d.c. current source. Its output Idc{ is
impreSSéd at the d.c., input of the machine~voltage commutated

inverter.
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Thevsynohronous machine is interfaced with a d.c.
power supply by. a variable frequency static inverter which
switches the power to the appropriate Stétor windings of the
synchronous machine. . The excitation wiading of the synch-
ronous motor is connected in'series to the input of the
inverter and therefore the exci*ation current ié directly
prOportipnal to the 1oad’CUrrent like a convéntional d.c,

Serieg& motor,

A synchronizing sighal of 60° pulse width of the
machine voltage is generated from the terminal voltage of
the synchronous machnine, - This'synchronizing signal 1is in
_ﬁutted to the port C of 8255, Gafe of TM2 of PIT 8253A(1)
and IRO interrupt pin of PIC 8259A for generating firing
pulses for the inverter thyristors., The firing angle of
line cominutated inverter is always Kkept betweén 90° to -
180° and is approximately equal to the power factor of the
Synchronous macnine. The triggering angle of the inverter
‘can be adjusted at apy valve between 90° to 180° by chan-
ging ADC output. 1In this scheme, the terminal voltage of
the Syanchronous machine commutate the fhyristOr of LCI
with the help of firing pulses .in sequence provided by the
trigger éircuit. The three-phase autotransformer prov%des
variable a.c, input voltagé.to the uncontrolled bridge rec-
tifier to produce variable d.c. ouﬁput voltage., This con-
trclled d.c, source supplies active power required for the

synchronous machine,
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The speed of commutatorlesg D,C., series motor may

be expressed as 7]

N = Zﬁwju;@Qmégg
Ky Ige CosB
where Vd = dc link voltage, Idc = dc link current and
8 = Lead angle= 1 - g
- The frequency of the inverter output is controllable

and is given by.

_ P Va = Igc Rge

= e Kot miw iem I eanTRareITeasaeas e

120 Ky Ig0 CosB

Since the combination of inverter and synchronous
motor with field winding connected in series to the d.c.
link works as a series commutatorless D.C. motor, its speed

can be varied in the following wayss

I) Varying the input d.c. voltage to the inverter
like a d.c. series motor

I1) Changing the trigger angle of the line commutated
inverter Jjust like the speed change of a conven-
tional dL.c. series motor by shifting the brush
position, ' '

2.3 SYSTaM DESCRIPTION

The schematic diagram of the commutatorless D.C.
series motor using induced voltage commutation along with

the voltage sensor for synchronization is shown in
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Fig. 2.2, This type of series motor makes use of conventional
three-phase synchronous machine. The well known equation
relating commutation lead angle (f), commutation overlap

angle {p)}and input d.c. link current is given by

1

3 ;do Xo

N o]

'
i
!

}

Cos ( g-}l) - Cosp =

W

-
B

Sy

where X, = Commutating reactance.

‘For commutationless d.c. Series motor the resultant
flux is proportional to input d.c, current (Iy, ) of the
inverter and therefore internal induced voltage E5v is

' J

proportional to the product of IdC and N . Hence the above

equation can be rewritten as

Cos (B=-m) - Cosp = K L,

wWhere Ké is a constant, This equation indicates
that commutation overlap angle varies with firing angle
and oommutation‘induotance which is fixed by the design of
the synchronous machiné and it is independent of input d.c,
current énd motor speed. This 1is an importént feature of
the commutatorless d.c, series motor. For better under-
standing of the systenm dperation, the major»componenté are

discussed briefly as under:

(I) Uncontrolled Diode Bridge:

The function of the diode bridge is to rectify tne
fixed frequency a.c. supply to a d.c. voltage and supply the

oy - RS . P
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It is a three phase full wave diode
bridge rectifier and its output is controlled by using an
auto transformer at the a.c., supply. The active power
requirements of the synchrohous machine is met by this

controlled d.c. source,

(II) D.C. Link Inductors:

The function of the d.c. link inductor is to suppress
the harmonics contained in the output of the bridge recti-
fier, The combination of uncontrolled rectifier and D.C.
link inductor acts as a current soufoe. Its output is fed
to fhe'd.C. input of the line commutated inverter and
excitafion winding of the synohronous 'motor. For this pur-
pose, choke is required to be of 1érge inductance and keep

the current continuous in the circuit.

(III) Line Commutated Inverter:

It is a simple three-phase thyristorized inverter
-bridge. The function of the inverter is to convért the d.c.
voltage into a.c. voltage of variable amplitude and frequency.
The commutation of invérter thyristor ié performed by the
voltage ihduced in the stator winding of the synchronous
machine, which is seen by the inverter as a three-phase
a.c. source of terminal voltage. Vgy« For clear understanding
of the line commutated inverter, the relation-ship bétWeen
line to line voltages and line to-neutral voltages of

synchronous machine terminal along with firing instants
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FIG. 223—RELATIONSHIP BETWEEN LINE TO LINE AND LINE
TO NEUTRAL VOLTAGE ALONG WITH INSTANT OF FIRING

TABLE 241
CONDUCT
ONDUCTION C—60 | 60120 128—180°| 180240 | 240—300" 300360
DURATION
FIRING
SEQUENCE 1 2 3 T4 5 6
THYRISTOR |
PAIR 10 BE 6, 1 1,2 2,3 3.4 | 4,5 | 5,56
FIRIED
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of the th&ristors is shown in Fig;‘2.3.

The thyristors T,, Ty, T5 are celled positive group
SCR' Since they are turned on whenvthe‘macniné terminal
voltages are poéitive simiiarly the thyristors Tyo Tgo To
are called negative group SCRs. OSiace thgy are trigger=ad
" when the machine voltages are negative,  The firing angle
of the'invérter is always greater than 90° and'measqfedferm
the.instant of crossing point of two pbase intageS as.shown
in Fig. 2.3. The firing angie for the thyristor T, is
measured from the crossing point of positive gqing phase
voltage V. and negative going phase voltage Voye The
zero'crOSsing instant of positive going line to line voltage
Vyq coincides. with the crossing point of Ty 2nd Vo |
Therefore, the zero crossing of V,o may also bé considered
as reference for measuring firing angle of ﬁhe thyristor'
T1 and similerly for other thyristors. During normal opera-
tion, always two thyristors one from positive group *3CR and
another from negative group SCR will remain'in conddotion.
ThyriStofS are triggered at 60° interval of terminal vol-
tage frequenéy. Each'thjriétor _éonduots the positive
current for 120° ‘and negative current for 120° and the
frequency of the curreht is same as that of machine terminal
voltage. 1In case of line commutated inverter, macnine
current always leads the cqfreSponding phase voltage, Let

us consider the commutation phenomenon from T1 to T3 to

make clear about the induced voltage commutation. Wwhen
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thyristor T3 from positive group is fired, thyristor T,

gets reverse biased by the voltage, VAB =V -V and

AN BN

current is commutated from T1 to Tje

The presence of large source inductance many result
in an appreciable .modification in the process of commuta=-
ting current from one thyristor. to the other. When thyris-
tor becomes turn off or turn on, current can not decay.
to zero or increase +to a certain valve inétantaneously due
to presence of inductance, So in the préqess of commutation
both incoming and'outpgoing thyfistor remain 1in conduction
simultaneously for some moment. The period during which
both thyristor remain in cdnduction ié known as dverlap
period. The firing angle of the inverter is limited to a
valve such that the angle o = (B -p ) is enough for pro-
per commutation., Angle (T ma ) is referred to as thea
extinction angle of the iﬁvérter. The angle b is known as
Turn off angle or safety margin angle. The firing is adjus-
ted to a suitable valUe and normally keep constant through

out the operation, . The inverter normally operates at a

L

constant margin angle.

The d.c. output voltage of a fully controlled conver-

ter is related to firing angle a by the.fdllowing equation:

T

w«ﬂX Cosaa = V

do Losa .

Vac =

where V = per phase a.c, voltage
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For firing angle between 0° to 909, average d.c,
voltage across the bridge is positive. If the firing angle"
@ for the line commutated inverter is more ‘than 900, the

1,

d.c. voltage across the bridge will be‘negative, Thus, if
a D.C. voltage soufce is connected across the inverter bridge
in proper polarity, and the d.c. voltage induced across the
inverter bridge is less than the applied D.C. source, it
will feed power to the A,C. system througﬁ'thé contfolled
circuit, For LCI, the wavefor& for the alternating line
current closely feseﬁbles a reotangularﬂwéve; The ouéﬁut

- power factor angie wili bé approximately (B.—}A/Z) 1 eading
'and.the output power factor will be close to -Cos( B-n/2)

or = Cos ((1#}1/2),

(IV). Synchronous Motor:

The synchronous motor is a donventional one anq it is.
operated as a &ariable speed motor, The field winding. of .
the machine is.connectédAin series to the input of\the'LCIl
for réalizing' commutatorless D,C. series motor. The motor:
runs at»synbhronous speed oorfeSpondihg to the frequency |
of_the'motof terminal VOltage, The invefter a,C, terminals‘
ére coﬁnected'to_the Synohronous'machine ahdh therefore, back
emf of synchrondus‘ motor is available for natural commuta-
tion of the inverter thyristors,  In the present.sCheme; the -
inverter switching = is essentially controlled by the syn- |
chppnous‘ motor itself and the inverter frequency is-a fun-

ction of the motor speed. In series CLN, powep'factor
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is. independent of load and speed. It only depends on the-
firing angle of the line'cdmﬂutated inverter. The torque
developed by the synchronous motor is directly; proportional
to the square of the d.c. iink-ourrént for constant firing

angle operation just like a conventional d.c, series motor,

(V) Synchronizing Circuit:

‘Synchronizing Circuit consists of step down trans-
former, oompafator, switohing transistor and AND gate.
.Synchronizing sigpal is of 60° pulse width of the machine
frequency and derived from two line to line terminal vol-
tages. _The signal is fed to microcomputer for firing pulse
generation in proper seguence and trigger angle chtrol;
The details of synchronizing circuit has been given later

on.
(VI) Microprocessor Based Firing Circuits

The synchronizing signal derived from the machine
terminal voltages 1is fed to microcomputer for firing con-
trol of the inverter thyristors in proper sequence. This
scheme .uses less hardware componénts and overcomes most
of the drawbacks of the analog firing scheme. The details
of microprocesscor based firing circuit has been discussed
later on. The details of conduction duration, firing

Sequence and conducting thyristors are shown in Teble 2,1,

2.3.,1 Design of Power Circuit:

‘The power circuit 1is designed to meet the require-



26—

ments of synchronous machine whose ratings are given in
Appendix-I. The power circuit for the proposed scheme con-

sists of the following parts:

i) Three phase diode bridge

ii) - Three phase fully controlled line commutated
inverter

ii1) D.C. link inductor

CHOICE OF RATINGS -OF DIODES

The voltage rating of the diodes of the uncontrolled
bridge have to be selected with the consideration of the peak
inverse voltage appearing across the devices, this in turn
depends upon the maximum three phase input iine voltage to

the bridge.' For a three phase bridge, the ratio of peak

inverse voltage to line to neutral voltage is calculated

as |26]
i
v T 3 Vdo
e _ 3.2 .33
where- VdO = =5 VL-L S B v VLN
g
T LN
V . T Tz
Therefore =—bil = g X é¥%6m = 2,45
VLN .

For input line voltage 400V at 50Hz, peak inverse

voltage across the diode is

Vory = 2.45 Vo = 2.45 x 500 _ 566 wvolts

PIV L J?;
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A safety factor of 2 is allowed so that the diode

can easily take reasonable over voltage.

The diode bridge has to supply 7 Kw for the proposed

synchronous machine

vdIdC .= 3 VSy ISy Cos 8 = ’7QOO
I - 1000
de . V3

The output average d.c. voltage of a full wave diode bridge

is given by

A = S

where V is the per phase rms input voltage. For 400V,

50Hz input voltage, the output of diode bridge becomes

-
V4 = 37;6 X %99 = 540 Volts
A3
. 7000 r~
ie. I, = == = 12,96 ® 13 Amp.
de 540

The current through the diode is given by

12.26
3

Allowing a safety factor of 2, the diode current rating

Iq = = 4,32 ® 5 Amp.

can be taken as
Ig = 5x2 = 10 Amp.

So the diode of rating 12 amp, 1200 PIV can be selected

to meet the requirements.
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SELECTION OF RATINGS OF THYRISTOR

The following factors have to be considered for selec-

ting the ratings of SCR.

i) Maximum PIV appearing across thyristor
ii) Power circuit configuration
iii) ‘Conduction angle-of individual thyristor
iv) Current wave form

v) Average current

For a three phase bridge, the ratio of PIV and line

 to neutral voltage is given by -

E
,;EI_Y = 2.45'
Ey
PIV . Ey = 2 =
- 566 V

Taking a safety factor of 2, a 1200 PIV SCR is required.

For 7KW, 400V, 0.8 p.f synchronous motor, stator current is
’ J

A = . 2:?.—,»,1:_)197(.)“_,.__“‘,“ - 1 2 . 63 ~ 1 2 Amp .

/3 x 400 x 0.8

4

I
Since each SCR conducts for 120° in each chle, current
through SCR is

12.63
3

I = 4,2098 ¥ 5 Amp.

T =

Allowing =a séfety factor of 2, current rating of

thyristor can be taken as 5 x 2 = 10 Amp.
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So thyristor of Rating 12 Amp, 1200 PIV can be salected
for this purpose, - Each thyristor should be provided with

dv

over current, over voltage 2& ‘ahd =+~ ©protections, Over
: ! e~ dt dt = .

current protection can be made by connecting a fuse §p a
circuit breakér in series with the thyristdr.Qver voltage
protection éan be provided by usiné the thyrector diodel
across the thyristor.x-A voltage Suppression' nétwork9 oémmo;m
ly called a . snubber circuit, consists of a series-connhec-
téd resistor and a capacitor connected across the SCR,

is used for protection against large %% . %£ protection
can be provided by placing a inductor having very low inducn

tance 1in series with the thyristor.

2.,3.2 Programmable Peripheral Devices:

Peripheral devices are required for organizing a micro-
computer system. These components are organizced around a
common communication path called system bus which carry bits
bétween the microprocessor énd peripheral dgvices. The
present microprocessor based control system makes &se of
8253A interval timer, 8255A peripheral inferface and 82594
interrupt controller. These are widely used general pufpose
programmable pefipherai devices and completely compatible
with any microprocessor. For better understanding and pro-
gramming of these peripheral devices, é brief description

is given below: '
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82534 PROGRAMMABLE INTERVAL TIMER -

Intel 8253A is a very poﬁulaf device specially desi-
gned fofvmicrooomputer appliéations which require timing
and counting operation. This device can be used for appliéan
tion such as an event counter, a real time clock, a progra-
mmable one shat, a square wave generator'and a cdmplex wave
form generator. The 8253A has three identical and indepen-
dent 16 bit counters which may be dperated iﬁ various modes
by proper software programmihg. The counter can count
either in binary or BCD and in addition a count can be read
by>the microprocessor while the counting is going on. Each
counter is a negative edgestriggered down gouhter. Fach
‘counter has two input signals-clock (CLK) and GATE and

one output signal - OUT.

)

Address line AO and A, of the micrOprocessor are

1

1

- to a decoded address. AO and A1 input signals, in conjun-

¢tion with the status of RD and WR inputs, control the

connected to lines Ay and A, of the 8253 and TS5 is tied

selection of counter or the control word register.

€S RD “WR A Aq

Q 1 0 o) J LOAD TMO

Q 1 0 0 1 LOAD TM%

9) 1 0 1 0 LOAD TM2

D 1 0 1 1 DATA BUS ~ CONTROL
D o . 1 0 0 READ TMO

D o 1 0 1 READ TM1

0 0 ' 1 0 READ TM2



~31-

DATA BUS TRISTATE
DATA BUS TRISTATE
DATA BUS TRISTATE
ILLEGEL CONDITION

'o O = O
O~ X O
o = N -
MoX X o

MoK X o

anh'counter is initialized by writing a proper con-
trol word in the control word register. The control word

includes the following important features:

i) Mode of operation
ii) 16 bit or 8 bit data to be read o write

iii) 16 bit binary counter or 4 digit BCD counter
operation,

7

The control word format for choosing the above fea-

tures is given belows
D? _ D6 D5 Dy D

SC1 - 'SCO  RL1 RL2 M2 M1 MO BCD

SC1  SCO_ ' - ;
0 0 Select, counter O
0] 1 Select counter 1
1 0 Select counter 2
- 1 Illegel condition
RL1 RLO
0 0 Counter latching operation .
0 1 Read/load least significant byte only
1 0 Read/load most significant byte only
1 1 Read/load least significant byte first,

then the most significant byte.,



M

0 0 0] Mode O

0 0 1 Mode 1

b'd 1 0 -Modg 2

X 1 1 Mode 3

1 0 0 Mode 4

1 0 1 Mode 5

BCD

0 16 bit binary counting
1 4 digit BCD counting

82554  PROGRAMMABLE PERIPHERAL, INTERFACE

Intel 8255A is a widely used general purpbse progra-
mmable parallel input/output device. It can be programmed
- to transfer data under various conditions, from simple I/0
to interrupt I/0. It is féxible, versatile, economical and
-can be used with almost any microprocessor. 8255A has three
8 bit parallel ports : PORTA, PORTB & PORTC, The eight

bit of port C can be used as individual bits or be grouped

in two 4 bit ports : Cupper (Cu) and  Cy jyer (CL)'

onahd A, input signals, in conjunction with the
RD and WR inputs, control the selectiom of one of

the three ports or the control word register as followss
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O 0 0 Mode O
0 0 1 Mode 1

x' 1 0 - Mode 2

X 1 1 Mode 3

1 0 0 Mode 4

1 0 1 Mode 5

BCD

0 16 bit binary counting
1 4 digit BCD counting

82554  PROGRAMMABLE PERIPHERAL INTERFACE

Intel 82554 is a widély used gehneral purpbse progra-
mmable parallel input/output device. It can be programmed
- to transfer data under various conditions, from simple I/O
to interrupt I/0. Tt is féxible, versatile, economical and
can be used with almost any microprocessor, 8255A has thfee
8 bit parallel ports : PORTA, PORTB‘& PORTC., The eight
bit of port C can be used as individual bits or be.grodped

s, . ° r e
in two 4 bit ports : Cupper (Cu) and Gy o LCL).

Ay and A, input signals, in conjunction with the
RD and WR inputs, control the sSelectionm of one of

the three ports or the control word register as follows:
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G R WR A Ay

0 1 -0 0 PORTA — DATA BUS

0 1 0 1 PORTB - DATA BUS

o) 1 1 0 PORTC — DATA BUS

1 0 0 0 DATA BUS~— PORTA

1 0 0 1 DATA BUS - PORTB

1 0 1 0 DATA BUS - PORTC

1 0 11 DATA BUS - CONTROL
x X x X DATA BUS- TRISTATE
0 1 1 1 TLLEGEL CONDITION

O OO O O O O o O O

1 1 X X DATA BUS - TRISTATE

Each of the ports o0f82554A can be‘initiatized in
various mode by writing a proper control format in the

control word register.

82594 PROGRAMMABLE INTERRUPT CONTROLLER

The intel 82594 programmable interrupt controller
can manage eight interrupfs according to the instruction-
written into its control registers. 82594 is designed to
minimize the software and real time overhead in handling

multi-level priority interrupts.

For programming, 82594 requires two types of comm~-
and words, Initialization command words (ICWS) and ope-~
rational command words (OCWwS). The 82594 can be initiali-
zed with four .ICWS; the first tﬁo are essential, and the
other two‘arerptional based on the modes being used. These

words must be issued in a 'given sequence. . Once initialized,
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the 82594 can be Set up to operate in various modes by using

three different OCWS, These modes ares

i) Fully rested mode
ii) Rotating priority mode’
iii) Specified mask mode

iv) Polled mode.

If the 82594 is programmed in fully rested mode, IR,

has the highest priority and IR7 has the lowest priority.

2,3.3 Interfacing of Programmable Interval Timer 8253A:

The present scheme reguires four couhters. In the
vinytics VMC-85 trainer kit, two counters of 8253A are
available to the user through connector J,. An intel 82534
programmable interval timer is therefore interfaced with
8085A microprocessor using minimum hafdware components to
meet the requirements of'the counters, The interfacing cir-
cuit is shown in Fig, 2.4, The CS signal is derived from
a 3 line to 8 line decoder 741,8138, The Ax, Ay A5, Ag &

A, address lines of 80854 are connected directly to the
required pins of 74LS138. The RD, WR and IO/M control
signals ‘are derived directly from the control bus bf the
midrOprocessor. The select inputs Agy, A1 are connected
to the Ay, A, address bus signals of the CPU. The ports

addresses for the 8253A are selected as foliows:v
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Ay Ag Ay B, Ay Ay AL A
1 o 1 ©0 0 0 0 0 A0 TMO

1. 0 1 o 0 0 o 1 A1 M

1 o 1 O 0 0 1 0 A2 TM2

1 0 1 0 .0 0 1 1 A3 CONTROL WORD

4+ 0o 41 0o 0 1 0 o pe MO

1 o 1 o 0 1 o A A5 TMT

1 o 1 o 0 1 1 0 46 M2

1° 0 1 0 0. 1 1 1 A7 COUNTROL WORD
PORT_ADDRESS

i
J

1

Jps - reevasw=w

A0 and A4 - TMO
A1 and A5 - TM1
A2 and A6 - TM2
A3 and A7 ~ CONTROL WORD

2.3.4 Synchronizing Technique:

Synchronizing signal is generated by sénsing line

to line voltages VAC and V of the synchronous machine

CB
terminals, This signal has pulses of 60° durafion corres-
ponding to machine voltage frequency at every 360° interval.
This signal provide the informations about frequency of the .
machine voltage, direct 60° delay count and instant of loa-
ding a counter of 8253A with/firing angle delay count.
Synchronizing signal is required for generating firing
pulses for inverter thyristors in proper sequence, Synchro—
nizing circuit wuses less no of components and is shown

in Fig. 2.5. This circuit consists of the following compo—‘

nents,
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i) Step down transformer
ii) Comparator
iii) Transistor drive

iv) AND gate
(i) Step Down Transformers:

This is a single phase 440/6V transformer to realize
voltage sensor for a wide range of frequency. The primary
winding is connected directly to the machine tefminals ahd
secondary goes to noh—inverting terminal of the comparator,
Primary and secondary oonnedtions are made in such a way So
that secondary voltage is 180° out of phasé with respect to
primary voltage. One terminal of the secondary of both trané~

former 1is connected to system ground.

(ii) Comparator:

Comparator circuit has been made with the help of
operational amplifier IC 741. The inverting terminal of
IC 741 is connected to common ground. Thé output -of the
comparator ideally swings between +12 to -12V at every zero
croseging of machine terminal voltages and output frequency
is the same as the machine voltage freduency. The output of
comparator is reduced to a lower voltage by a seriles connec-

ted register and applied to the base of the transistor.

(iii) Transistor Drive:

The stage is very important and required to inter-

face the analog system to a digital system., Transistor
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Q2

SYNCRONIZING
SIGNAL

FIG 2-6—VOLTAGE WAVE SHAPES AT DIFFERENT POINTS OF
SYCHRONIZING CIRCUIT.
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is used to control the state of the TTL input, The output
of the op amp sSwings from +12V to =12V, Therpositive swing
drives the transiator into saturation, producing a TTL input
of approximately OV. The"negative swing drives the trans -
istor into cut-off, producing a TIL input of +5V. Thus
the transistor inmverts the input control signal. TIL out-

nuts of- trahsistors are shown in Fig. 2.6,

The diode ih the base circuit protects the bace
against excessive reverse voltage. Since the negativerut-
put of the comparator approaches -12V, we need to use a
protective diode as shown in Fig. 2.5 between the base and
ground. This diode clamps the base voltage at approximately
-0,7V on the negative swing.

(iv) AND Gates:

IC 7408 two input AND gate is uéed.forvnecéssary
AND operation. The synchronizing signal is obtained after
ANDING two output signals of the transistors. The micro-
computer makes use of this signal - for generating firing

. pulses in proper sequence and firing angle control,

2,3,5 Microprocessor Based Firing Control Scheme:

Microprocessor based firing scheme is used for gene-
rating the firing pulses'for inverter thyristors in proper
sequence decided by the control circuit and éystem soft-

ware. This scheme has several advantages over the analog
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firing control scheme. An analog firing scheme,using vol-
tage sensor used for the 1line commutated'inverter fed syn-
chronous machine has the following disadvantages:'
i) Nom-linear variation of firing angle using cosine
' wave crossing firing control. '
ii) The commutation spike in the machine terminal
voltages can generate addltlonal firing pulsee
" “leading to mis-firing of thyristor.
iii) Variation of firing angle  is limited to 90° by
using cosine firing scheme. ' A
iv) Hard wired logic circuitry fixes the firing

scheme philosophy and any change, if necessary,
cannot be made without changing the circuit.

Thesejdrawbaeks of thé analog firing'seheme can be
overcome by using a micrOprdcessor‘based firing contrel}
: Scheme. The:hardware configuratien of tne microcomputer
based seheme’is shown in Fig: 2.7. This scheme is developed
using vinytics VMC-85 trainer kit. This scheme requires
less number of hardwerefcomponents<and simple synchronizing
technique; The microcomputer'uses twe programmable intef-
val timers'éZ53A; one progremmable periﬁhefai intefface
8255A and one programmable interrupt controller 8259A, The .
synchronizing signal derived from machine terminal voltages
is inputted to PC7 of 8255A Gate2 of 8253A(1) and 1RO pin
~of 82594~ MlorOprocessor checks up the status of the syn-
chronizing_signal througn PC? bit Just after the 1n1t1allza—

tion- - of all programméble peripheral devices such. as 82534,
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8255A and 8259A to fix up the proper instant of loading the
counter TM2 of PIT1 with FFFFH during the execution of

the main program,

Counter TM2(1), ™1(2) and ™2(2) get the same clock
of 511.67 KH,. This clock is obtained by operating the
counter ™1(1) in mode 2 from a clock éf 1.535 MH,. ADC
0809 is interfaced to the microp.socessor through port B and
port C of 82554, ADC provides infdfmatiéh about firing -
angle of the inverter. The details of ADC 0809 interfacing
have been given in Appendix - II. The firing pulses for
the inverter thyristors are outputted through port A of
82554 - as per firing command word., The firing angle can be
changed linearly by varying analog input to the ADC through

a 4,7K pot connected in series to a 8,2K resistor.

A1l the counters except TM1(1) are programmed in

" mede 0. TM2(1) provides the 60° count corresponding tc the
clock 511.67 KHz. Counter TM1(2) is used o load firing
ahgle delay count and its output provides the- IRy, interrdpt
contrcl signal input. Counter TM2(2) is loaded with 60°
delay count at ﬁrOper instant by softﬁare control and its
output on the‘terminal count is used as IRy, interrupt signal
input for 8259A. The outputs of counter ™1(2) and T™M2(2),
Synchronizihg signal and generation of firihg pulses are
shown in Fig, 2,8. The duration of firing pulses generated
by the microcomputer via 82554 is very small. The firing

pulse duration is increased tc 0.72 ms through a monostable
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circuit. These firing pulses are amplified using a pulse
amplifier circult . which is described in the following
section. In LCI, each thyristor has to conduct for two
consecutive modes of 60° dﬁraﬁion. This scheme uses gating
of each SCR twice at the interval of 60°. This avoid the
possibility of failure of inverter Opération in the presence

of discontinuous operation.

2.3.6 Design of Pulse Amplifier Circuit:

The duration of firing pulses generated by the micro-
prooessor via port A of 8255A is not sufficient to trigger
inverter thyristors. The‘required pulse width is obtained
using monbstable circuit. If the firing pulse width is
programmed to'be-O.%B ms through software, microprocessor
will remain in the delay routine‘for this duration and there-
fore in the higher frequency, it may not be able to execute
the‘whole program. This difficulty is over=-come by using
~monostab1é circdit{ The output of the monostable is applied
to the pulse amplifier circuifopulse amplifier circuit

consists of .the following ,compdnents:

i) Monostable multivibrator
ii) Oscillator
iii) AND gate
iv) Pulse amplifier
Pulse amplifier'circuit for one channel is shown

in Figu 2.9.
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(i) Monostable Multivibrator:

A 74123 retriggerable monostable multivibrator is
used to produce an output pulse of 0.73 m sec., The values
of the exterﬁaliy connected elements R and C of the pulse
forming circuit of 74123 determine, the @ulse width. The 4'
monostable is designed to operate in rising edge triggering

mode. For 74123, the pulse duration is given by
TW = 0,33 RC

The elements R and C are selected és 22K ohm and 0,1 uFA

respectively to giﬁe a pulse width of 0.72 m sec.

(ii) Oscillator:

IC 555 timer is used for oscillator. Thé ekternal
'capacitér and resistor RA and Ry determine the frequency
of oscillafion. The duty cycle may be set precisely by
the ratio of these two resistors., For Ic 555 timer frequ-
ency ;s given by

£ 2 =,_,1-L"L’ S
i (Ry + 2Rg) Cp

Let the oscillator frequency be 14 KH, taking Cq = 0.01 uF,

the valves of R, and Ry are obtained as follows:

RA = 1K and RB = 4,7K

(iii) AND Gate:-

The output of the monostable multivibrator and

oscillator is ANDED in the AND gate. IC 7408 two input
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AND gate is used for AND Opefation. The reason for high
frequency modulation 1is obvious, If the pulse is.longs
they may saturate the pulse transformer and the firing pulse
may be distorted. The duty cycle is kept less than 50
percent, so that flux in the transformer can reset, The

modulated pulse also reduces the gate dissipation,

(iv) ©Pulse Amplifier:

The outpﬁtlof the AND gate is applied to the base
of the transistor +through 4.7K resistor. The input signal

is amplified through the amplifier as shown in Fig. 2.9.

The gate and cathode terminals of SCR are connected -
to the power circuit of higher patentials, Therefore, the
control circuit should not be diréotiy connected to the
power‘cir'cdit° A.pulse trahsformer is ﬁsed.for electrical
isolation between control circuit and power circuif as shown
in Fig. 2.9, The pulses at the transistor collector is the
ampiified inverted form of the input signal. But the iso-
lating transformer conneqtion are made in sSuch a way so
that the finai firing pUlée has no phase -shift with respect
to input pulse, A diode is-oonnécted acros.s the trans-
former primary to avoid saturation of the:pulée,transformer,
Another diode is connected in'series with sécondary of pulse
transformer to block negative pulse. The diode across
the primary also serves to protect the transistor.' The

capacitor at the Secondary prevents any spurious high
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frequency from +triggering the thyristor. The gate of
the thyristor can be protected from long reverse voltége

by connecting a diode across the gate.

‘2.4 STARTING METHOD OF COMMUTATORLESS D.C. SERIES MOTOR

Under standstill conditién; synchronous motor termi-
. nal voltage is zero and therefcre firing pulse .generation
is not pOSSible."SO tbe'Synchronous motor is unable to
start from standstill condition. Extra starting methods are
‘necessary to starf thé synchronous machine from stahdstill°
This is the maJor drawback of induced voltage commutated
inverter fed synchronous motor drives, For commutatérless
d.c. series motor, field wihding is connected in Series

with the d.§° link inductor., So dic. 1ink.current and
machine speed musf be necessary to induoé sufficient vol-
tage in the stator windihg for generating firing pulses,.
Several methods. are known for starting purpose. But in
the'presentvwork, a manual starting method shown in Fig,
2,10 has beenvadOpted. The manuél method of starting C ommu -

tatorless D.C. series motor involved the following steps:

i) - A D,C. motor is started to drive the synchronous
maohine as a generator at a lowef speed of about
1000 r.p.m. Now d.c, link currenf is zero and the
induced voltage due to residual magnetism is very
small, So prOpef synchronizing signal will not be

generated from this low voltage.
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ii)

iii)

iv)

bl

A variable resistor as shown ianig. 2.10 is
connected across the inverter to allow'current flo-
wing through the field winding of the synchronous
motor during starting. Now SWitoh SW 1is closed and
some dfc. current is passed through field winding
by controlling d.C,'link voltage,by a three phase

auto transformer,

Synchronizing signal is now generated from the
no load inauped emf of the generator. Microcomputef
proceeds -to execute the software program for gene-
rating firing pulses according to firing command

word. ’

A d.c. voltage is produced at the d.c, terminal

of the inverter bridge. As the firing angie is

-gfeater than 900, upper terminal is positive and

lower one 1is negative, The D.C. link voltage is

increased gradually and power flows from d.c., side

to the synchronous machine when the bridge rectifier

voitage becomes greater than the inverter output

voltage,

The current flowing into the inverter is indi-
cated by the D.C, link ammeter, Thus the synchronous
machine starts drawing active power from the D.C.
link resulting in a corresponding decrease of

D.C. motor current.>
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vi) Power supply'to the D.C. motor is switched off
and the resistance of the starting resistor is gra-
dually increased. The switch SW is made off later
on and the system works as a commutatorless D,C,

series motor,

In this scheme,; the no load induced voltage is always
greater than the terminal volta_e of the synchronous machine.
Therefore, the synchronous motor operates like an over

excited mode drawing current at leading power factor.

2.5 CONCLUSIONS

The details of microcomputer based firing cbntrol
scheme for the commutatorless D.C. series motor using in-
duced voltage commutation technique has been discussed in
this chapter. The design of powér circuit and synchronizing
circuit are also developed. A special explénation of inter-
facing a programmable interval timer 8253%A has been given
in this chapter. The manual method of starting commutator-

less D.C, Series motor is also discussed.



) CHAPTER - ILI

"
,'.‘| 5
(R :

e wier

IMPLEMENTATION OF SYSTEM SOFTWARE AND FLOW CHARTS

3.1 GENERAL

The development of system software and flow-charts for
the microprocessor based firing control sScheme is discussed
in this chapter. The complete logic of the scheme is descri-
bed in the main program, routine. The various subroutines
used in conJantion with the main program are also discussed

in this chapter,k

5.2 MAIN PROGRAM ROUTINE

The flow;éhart for the main program is shown in Fig.3.1.
The program is started with fhg initialization of programmable
peripherél intérface 8255A, The ports of 8255A are progra- g_
_mmed'as’inbut mode 5r output mode according to the require-
ments for the present scheme. The ﬁort A is programmed for
outputting firing pulses as per firing command word., The
port B 1is programmed to import the ADC output. The port
C, is selected as output mode and port Cy as input mode.
The counters of programmable interval timer‘8253A aléo are
to initialized in the suitable mode asfrequired by the user.
In the vinytics .VMC—85 up trainer, one éounter of 82534

is used for single Step operation and two -other counters

are available to the user through connector Jj. Out of
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these codnters TM1(1) is programmed in mode 2 for genera-~
tlng the clock of 511, 67 KH by using the clock of 1.535
MH, and other counter TM2(1) programmed inh mode O for provi-
ding 60° count corresponding to clock 511.67 Kip. The
counter TM1(2) and T2(2) of another programmable 1nterval
timer 8253A interfaced by the author are 1n1t1allzed in mode.
O. The output of TM1(2) and TM2(2) are used as IR2 and IRy,

interrupt requests for gemerating firing pulses.

After the initialization of 82554 in simple input/
output mode and counterg of 8253A(1) and SQSBA(Z) in mode
O, all port bits and counter outputs become low, After the
initialization of 8253(1), the counter TM1(2) is loaded with
count O3H to generate the clock of 511.67 KH, continuously
and this clock remains gt a constant frequency of 511. 67

KH, duratlon the operatign of the System

The programmable ihterrupt controller 82594 is ini-
tialized in fully nested mode. All the interrupt input
pins of 8259A are available to the user through the connec-
tor J;. In fully nested mode IR, has the highest priority
and IR, has the lowest priopity. In the present scheme
three interrupt lines: IRy, IR, and IR, are used. After
the initializatjon of 8255, 8253 and 8259, three interrupt
input channels arce enablgd through operational .control |

word 1 (OCW1), - -~

Now the micropracessor checks the status of the

synchronizing aignal imported -via PC If it is found

7
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to be low then FFFF16';$-ioaqéd'into_fhe counter Tﬁz of
8253A(1)7',Synchronizihg signal‘is'inputted eontinuousiy'
to the gate of M™2(1) and counting becomes enable as soon
as the dlgltlzed 81gnal goes to high. The counter starts
decrementing fhe'ceuht value FFFFH w1th resPeot-to the
olock of 511, 67 KH Thu counter oontlnues oountlnb as
1ong as Synchronlzlng signal remains hlgh and counting
\

becomes disable as soon as synchronlzlng- signal goes to

low, Under this.condition counter output remains low.

The address, :ADDRB 1 ‘1° stored in the memory loca-.
tlon ADDRO where ADDR8 is the starting address of the firing
command table., Now the present content of the_counter
TM2(1) is read‘and‘fhe count value forj60q duration of ter=-
minal.voltage of the synchronoué machine is caleulated..

The 300 count value is found by rofating right:the 60° ceent‘
value by one bit in register pair HL; The 90° count velue
is- calculated. by edding 30° count value with 60° count
value, These 60° and 90° oounts exactly correspond o the
60° and 90° durations of the synchronous machine . terminal
voltage, Memory location ADDR1 and ADDRZ2 are used fo stere
the 60° and 90° count value réspectively which will be used\
later on. The counter T™2(1) is reloaded with FFFFH for
the next synchronizing pulse of 60° durétion» The firing

| angle delay count is-calculated according to the folIOW1ng

equat10n°
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‘ Q0 ¢ ; (3.7
o = 90° count + 20..Count x ADG output TR CELY
5 M
or ® = 90° count + 1°count x ADC output ceoo (3.2
- or o = 900 COU.iTt + ACC ' : .vec(BeB}

~ where A = 1° count x ADC output

The 10

count is obtained by DIVISION " subroutine.
‘The multiplication of 1° count ‘‘alue and ADC output is

performed by MULT subroutine,

Aftef calculating 60° and 90° cougt,,the program
Jumps to ADC Subroutine: During the execution of this sub-
routine, ADC converts a particular analog input to it tarc-
Ggh the channel TNO into its aquivalent digital signal
and this output is stored in the memory location ADDRS.
This digital output contains the information about the.firing
angle of the inverter thyristors, ADC output is allowed
to vary from OOH té 5/H. If thae ADC o¢utput varies from
- OCH to 54H, the corresponding firing angle changes linearly
from 90° to 180°,

The program moves to DIVISION Ssubroutine. During
the exeoufion of this program; the 90° coupt value is divi-
ded by 54H, Thus this subroytine provides the 1° count
vaiue. This count exactly cenresponds to 1° of the machine
terminal voltage. Now the program jumps to the MULT
Subroutine. In this subroytine, the odunt value for 1°

is multiplied by the ADC ogtput. Thus this $wbroutine -
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gives the count value above the 90° count for a particular
setting of-firing angle of the inverter. The exact count
-value for the firing angle is calculated by adding 90°
count with fhe'product obtained frowm MULT subroutine. and

it is stored in the memory location ADDR7. The equation
(3.2) indicates that by varying analog input bo the ADC,

the firing éngle can be controlled easily during fhe Opefau
tion of the system. In this coatrol scheme, firing angle
remains constant .with the variation of synchronous motor

speed provided the analog input is set at a fixed value.

After calculating the firing angle count, the inter-
rupt system is made enable by executing the instruction
EI and CPU waits in the HALT state for the interrupt signal
IRy, The synchronizing signal is also used as IRp inte~
rrupt sighal. The low to high transition of the synch-
ronizing pulse intefrupts the microprocessor. As a result
the microprocessor branches to the IRO interrupt service
routine saving return address on the top of the stack upto
which it iS full. - In this service roufine; the firing angle'
coﬁnt is loaded into the counter TM1(2) énd after that

microprocessor returns to the main prograim.

After returning to the main program, the interrupt
system is made disabled by execuéing DI instruction and .
the firing Sequence is teéted. If the firing sequence '1°
is not completed, +the processor enables interrupts and
goes to HALT state for the IR, interrupt request., The

er\ G‘ G%O\“ i Gaarke
7 antral l\ihrazu {infverstd of Roarket
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output of the counter TM1(2) goes to high on the terminal
count. This high going signél interrupts the microprocessor -
and the program is transferred to the IRy interrupt service
routine. In this service routine, firing pulses for thyris-
'tor pair (6,1) are generated by the firing coumand word

and 60° delay count is loaded into the counter TM2(2).

' After that program returns to the interrupted routine and
checks the firing sequence. If the firing sequence '2' 1is
not over, microprocessor reads the content of the counter
TM2(1) for new 60° count and calculates the new firing'
angle count and goes to HALT state after enabling interrupf

systems,

The output of the counter TM2(2) becomes high on
terminal count and interrupts the microprocessor. The pro-
gram Jjumps to the IR, interrupt service routine. During
the execution of this service routine, the apprOpfiatu pair
of thyristors are triggered by issuing the proper firing
pulsés as per command word from its respective firing comm-
and address. The counter TM2(2) is reloaded with 60°

delay count and the processor returns to the main program.

- In the main program, microprpcessor checks the
firing séquence. If the firing sequence *3' is not over,
the program is transferred to the SPEED subroutine for
displaying ‘machine speed in the address field. After
~executing the SPEED subroutine, the microprocessor feturns

. to the main program where it was interrupted and waits
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in the HALT state for interrupt fequests.

After returning from the interrupt service routine,
every time microprocessor. checks up the firing seguence.
If all firing commands are executed that means one cycle of
inverter operation is over then the menory location ADDRO
is initializal ;With the address ADDR8-1 and microprocessor
goes to HALT state after enabling interrupt systems and
Same process 1is repeated. IR, and IR, interrupt_reéuest
may loccuf simultaneously. In this case, first the micro-
processor branches to the IRO interrupt service routine
and after completing IRO service routine, it will service

IR4 interrupt request.

3.3 ADC_SUBROUTINE

This subroutine is used to provide firing angle in-
formation for the line commutated invertef. This subrou-
tine is exXecuted once in every cycle of the machine frequ-
ency. Tﬁe firing angle can be changed by varying analog
input to ADC.‘ ADC converts the analog input into its digi-
tal equivalent. The flow chart for the ADC subroutine is
shown in Fig., 3.2. The ADC starts converting the analog
signal into digital signal at the\inStant, when the start
of conversion (SOC) bit of ADC goes from low to high, Start
of conversion pulse is issued by the microprocessor through

PCy bit of 8255A.
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The ADC clock-in is given from a 555 timer at 125 KH,.

ADC issues an end of conversion signal indicating that the

conversion process is over,

Then the digital eguivalent

of the analog signal is inputed by the microprocessor -

through the 8 bits of port B of 8255A funotioningb as input

port and this digital output is stored in the memory loca-

tion ADDR6 and displayed in the data field of VMC=85

trainer kit. In this case, tha digital output of ADC is .

varied from OCH to 5AH,
firing angle will be 90°
5AH,

NAME OF THE SUBROUTINE

INPUT

OUTPUT

CALLS
DESTROYS

DESCRIPTION

If the ADC output becomes OOH,

and 180° when digital output is

o

0

*0

L1

ADC

Input to ADC through ADC pot
via channel INO which is selected
by hardware.

‘Digital equivalent to the analog

input in memory location ADDR6
DELAY and MODDT
PSW, B, D, E

This subroutine provides the
information about the firing
angle for a particular setting
of ADC pot. The digital output
is stored in the memory location
ADDR7 and displayed in the
data field.
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3.4 DIVISION SUBROUTINE

The flow chart for DIVISION subroutine is shown
in Fig., 3.3. This subroutine is used to divide the 90°
count stored in the memory location ADDR2 by 5AH (9044).
Therefore, this roatine calculate the count'value corres-
ponding to 1°. A faster algorithm has been adOpied for this
divisién purpose which needs less execution time. The divi-
dent is 9OO}count_stored in memory location ADDRZ and divi-
sor 5AH 1in register pair BC, In the present method of
division, the divisor is substracted from the first bit
of the divident. If a borrow occurs as a result of sub-
straction, a '0O' is entered in the quotient and the divisor
is added to the result of the substraction so that the ori-
ginal value of the divident is restored. If no borrow
occurs during the substraction operation, a '"1' is entered
into and the result of thelsubstraction is used for the
next substract and test process., 16 shifts and substrac-
tions are required to compbete the division operation with
the quotient in memory location . ADDR4. The documentation

of the subroutine is given below:

NAME OF THE SUBROUTINE DIVISION

e

INPUT Memorylocation ADDRZ2 contains

®0

the divident. BC register pair
contains the divisor, Memory
location ADDR5 is used as 16-
bit counter,



ENTER DIVISION |\
-\ SUBROUTINE

[(BC) =<— 005AH g’

M(ADDR3)<— 0000 H/
M(ADDR4)<—0000H

M(ADDR5)<— QO0H

4>

| LOAD(DE) WITH - THE DIVIDEND|

PUT MSB OF DIVI-| |
~DEND INTO CARRY

l

 [SAVE DIVIDEND - BACK IN

-MEMORY ADDR?2

. . " -\
i / \

{LOAD (DE) WITH PARTIAL
DIVIDEND IN ADDR 3

ROTATE THE CARRY]
INTO LSB OF (DE)
[H.O<=—(D.E)
(H,L)<(H,L)~(BC)

<— CY =0 A >
| CY<—0 | | 1CY «<—1 .
(DE)<—M(ADDR4) o (DE)“""M(ADDR&)

b

FI6.33 FLOW CHART FOR DIVISION SUBROUTINE.
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OUTPUT : The quotient is stored in the
memory location ADDRL4,

CALLS : NONE

DESTROYS H ALL

DESCRIPTION :  This subroutine divides the 90°

count by 54H to determine the
count value corresponding to 19,
After division is completed, the
quotient is returned to the
memory location ADDR4., This
result is used in the MULT sub-
routine to calculate the count .
value above 90° count for a par-

ticular firing angle,
3.5 MULT _SUBROUIINE

In this subroutine, the count value corresponding to
1° is multiplied by the digital output of the ADC. In ordi-
nary multipiication process, two numbers can be multiplied |
by performing successive additions. If the number becomes
large then this simple process is not used because of the
long program execution time. Therefore; é more Sophistica-
ted multiplication subroutine is to be used, Here a faster
algorithm for multiplication of two large numbers is imple-
mented. The flow chart for MULT subroutine is shown in
Fig. 3.4. Register pair DE contains the multiplicand which
is 1° count value corresponding to the clock 511.67 KHg.

Register B contains the mulfiplier and register C is used



<—— MULTIPLICAND
~<—— MULTIPLIER

< OOH
< OOCQOH

Avvvv

INCREMENT C

IS
BIT. OF
MULTIPLIER O’

SHIFT (DE) SHIFT(DE)
LEFT ONCE LEFT ONCE
ADD (DE) WITH

PARTIAL PRODUCT

(HL) CONTAINS PROD-
—UCT

/~ ; J

( RE T URN )

F16.3.4 FLOW CHART FOR MULT SUBROUTINE
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to indicates the bit pgsitiofi’ of the multiplier. Register

- pair HL Will contain the partial product or final product.

The clock 511, 67 KHZ has been selected in such a way
so that the 180° count would not exceed FFFFH prov1d od the
machine'Speed is more than 120 rpm. ' If the machine Speed

~is 120 rpm then 10 count value can be calculated. as .

fallowsv
.. I _ 120 _ 1200 _ o ¢
Teo = § = gy = 6% w20 = 0-01416666 Sco.
. :T . | .
' 60° count = 80 - 0, 014166663 21)1910
S 1/511.67x10° -~ 1/511.67x10°
0 N 0 '
900‘ count = 60 CO.U.HL, + @Qﬂ,gouﬂz = 31978
° I 31222-;_ . |
17 count = 2R = 3555, = 1634
= 00000001011000112
"A11 the bits from Ag to A15 of the 16 biﬁ‘multiplicand

are always 'O', Since the ADC\output is allowed to vary

* from OOH to 5Aﬂ, 37 bit of mﬁltiplier is always '0', Since
the binary digits may be either 1 or O, the'multiplier may

, be>examined on‘a‘bit by bit basis for a '1' or a !0,
Starting from right‘fo‘left,uthe multiplier is examined

one bit at a time. CIf a "' is found, the multipliéand is
éhifted in proper position and added to the accumulating
result, If a 'o! is found, nothlng is added to the partlal

product., In thb preSent oace, 7 blts of the multlpller
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are to be tested and the product is stored in HL register

pair,

[ X3

- NAME OF THE SUBROUTINE MULT

INPUT ¢ Register pair DE contains 16-
bit multiplicand, Register
B contains multiplier.

OUTPUT ¢ Reg'ster pair HL contains the
the product.

CALLS ¢ NONg

DESTROYS ¢ ALL

DESCRIPTION ¢ This subroutine is used to mul-

tiply 19 count value as multi-
plicand with digital output of
ADC. This multiplication is
done once in every cycle of the
machine frequency. This sub-
routine provides the count value
above the 9Oo count for a parti-
cular firing angle of the inver-
ter. 4 4

3.6 IRG INTERRUPT SUBROUTINE

L T KA e, TaV Ay TSR T A

The flow chart of IRO interrupt service subroutine
iS shown in Fig. 3.5. At the beginning of the subroutine, -
the processor saves registers. In this service routine;
the firing angle count is loaded into the counter TM,(2)

from the memory location ADDR7, This firing angle count



ENTER IRo INT
SUBROUTINE /.

SAVE REGISTERS

LOAD TM1 OF 8253 A (2) WITH |
|FIRING ANGLE 'DELAY COUNT
STORED IN ADDR7

. \
DISABLE INTERRUTS

~ |END OF INTERRUPT

- Y
RETRIEVE REGISTERS

- [ENABLE INTERRUPT SYSTEM

 (RETURN )

AN

Fl16.35 FLOW CHART FOR IRo INTERRUPT
SUBROUTINE |
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- 1s calculated Jjust after triggering the thyristor pair

(6, 1) by issuing proper firing pulses. Firing angle is
computed at every cycle of the machine frequency. The
counter M1(2) is loaded with firing angle count once in
every cycle. The microprocessor retrisves the registers
and enables interrupt systems at the end of the subroutine

before returning to the interrupted main progranm.

NAME OF THE SUBROUTINE

IRO INTERRUPT

INPUT ;. Firing angle count from the
memory location ADDRY.

OUTPUT : The output of the counter TM1(2)
on terminal count is used as
IRy interrupt request input.

CALLS ¢ NONE-

DESTROYS s PSW

DESCRIPTION : This subroutine loads the coun-

ter TM1(2) with the firing angle
count corresponding to the
clock 511.67 KHz, Counter output
goes to high on the terminal
count. This output is used as
‘the IR, interrupt request input.

3.7 IR2 INTERRUPT SUBROUTINE

L B A A Y TR G X i =

The flow chart for IR, service routine is shown in
Fig., 3.6. Microprocessor starts executing 6f the subroutine

with saving registers. (H, L) is incremented by one to



“ENTER IR, INT O\

SUBROUTINE /.
SAVE REGISTERS|
(H;D)=—(H,0)+1
[ISSUE FIRING PULSE FOR |

THYRISTOR PAIR (6, 1)AS
" PER COMMAND WORD

1

~ [LOAD TM2(2) WITH 60°DELAY] .

'[MAKE ALL PORTA
 BITS LOW

v

M(ADDRo)<—(H,L)]

DISABLE INTERRUPTS

'
END OF INTERRUPT

RETRIE\/E REGISTERS

I

ENABLE INTERRUPT |

(RETlUij

F1G. 3.6 F'OW CHART FOR IR? INTERRUPT
SUBROUTINE
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points correctly the firing command word for the thyristor
pair (6, 1). ThefmicDOprocessor issues the firingvalses
for the thyristor pair (6, 1) via port A of 82554 and 60°
delay count is loaded into the counter TM2(2). The add-
ress of the command word is saved in the memory location
ADDRO, The'processof returns to the main prqgfam after

retrieving registers and enabling interrupt systems,

NAME OF THE SUBROUTINE

.o

IR2 INTERRUPT

INPUT ¢ Firing command word in memory
location ADDRS,.

OUTPUT : Outputs firing pulses for the
thyristor pair (6, 1) via popt _
A of 8255A as per firing command
word in ADDRS8.

CALLS ¢ NONE

DESTROYS s PSW, H, L

DESCRIPTION ¢ In this subroutine, the micro-

processor issues firing pulses
for the thyristor pair (6,1)
through port A of 82554 with the
firing command word im the memo-
ry location ADDR8. The 60°
delay count is loaded into
TM2(2), The output of TM2 on
terminal count is used as IRA’
interrupt request,.
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3.8 'IR.L+ INTERRUPT SUBROUTINE

—cepa R s

This subroutine is used to generate firing pulses
for all thyristor pairs except the thyristor pair (6,1) .
‘The flow chart for the IR, interrupt subroutine is given
in Fig. 3;7.‘ At fhe'beginning of.the subroutine, all the
necessary fegisters afe éavéd aﬁd registér‘pair HL is incre-
mentéd by one to poihts exactly the address of the firing
cémmand wofd for thé-réquifed thyristor pair. The micropro-
cessor éutputs firing pulses according to command word for
the required thyristor pair. _if ﬁhe firing sequence six
is not over, 60° delay count is reloaded into the counter
TMZ(Z). The addresé of)the firing command word is saved
in the memory loecation -ADDRO.» The'progfam is transferred
to the interrupted roqtine~after‘retfieving regiéters»and

enabling dinterrupt systems,

°»

- NAME OF THE SUBROUTINE iRA INTERRUPT

INPUT Firing pulse command in the

command table whose starting
address is ADDR8. 60° delay
count from memory location ,
ADDR1 is -loaded into TM2(2).

Outpufs firing pulSGS according.
to the‘command word from the-
 table . for the particular pair

of thyriétor.‘

OUTPUT

“o



[ ENTER IRZ INT
SUBROUTINE
SAVE REGISTERS .
R’ ,
(HO<=— (AL 1]

ISSUE FIRING PULSES
FOR THE PROPER THY-

—RISTOR PAIR

Y

LOAD TM2(2) WITH 60° | ¥
DELAY COUNT

TMAKE ALL PORTA BITS LOW

ENABLE INTERRUPT

M(ADDRo) «——(H,L)

JEND OF INTERRUPT |

RETRIEVE REGISTERS
& .
ENABLE INTERRUPT

;, (R E T U R-N)

FIG.37 FLOW. CHART FOR IR INTERRUPT
'SUBROUTINE .
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CALL ¢ NONE
DESTROYS : PSW, H, L
DESCRIPTION ¢ In this interrupt subroutine,

the microprocessor issues
firing pulses for all thyristor
pairs except the pair (6,1).
The 60° delay count is reloaded
into T™2(2) and the output of
TM2(2) on the terminal count

is used aS'IRA interrupt request.

5.9 SPEED_SUBROQUTINE

)

The flow chart for SPEED .subroutine is given in
:Fig. 5.8. -This subroutine is used to display the synchro-
nous motor speed in the .address field of vinytics VHCE5
»uP trainer kit. The motor always runé at synchronous speed
cbrreSpbnding to the machine frequency., In every cycle,
the 600 count value is calculated and stored in the memory

location ADDR1.

A look up table containing motor speed and corres-
“ponding 60° count valué haslbeen prepared by using fortran
program gi&en in Appendix=V, Microprocessor follows a Simple
method to find out the machine speed from the look Qp |
table corfeSponding.to'the measured 60° couht stored in -
ADDR1, For example, if the 60° cownt is 5347,¢ with the
clock of 511,67 KH, then the speed will be 120 rpm. In

the Ist cycle, the measured 60° count is compared with the



ENTER SPEED
SUBROUTINE

v

SAVE REGISTERS

v

(HL)<—M(ADDR1)
(BC)s—— (HL)

¥

(HL)=M(ADDR14)
(DE)s——(HL)

)

A<— M(DE)
L<— A

(DE)=—— (DE)+1
A<——M(DE)

\
(DE)<—(DE )+ , (DE)<— (DE)-1]
A <— M(DE) (DE)=— (DE)-1
L<=—A ) QSX(DE)
(DE)<—(DE)+1 <~ |
A<— M(DE) (DE)<—(DE) -1
| R v




@ _®

VES [(DEX(DE)+1] NO
RO Ra—

{

A «<——M(DE)
Ce—A \
(DE)<——(DE)+1
A «<— M(DE)
B<—A
(DE)<«— (DE)+!
A <——M(DE)
L =—A
(DE)=— (DEM
A «—— M(DE)

He—A

v
(HL) <—— (HL)4{BC)

v
COMPUTE AVERAGE OF TWO CON-
-SECUTIVE COUNT VALUES

(BC) «<—— M(ADDR1)
(HU) =—— (HL)—(BC)

YES

(DEY <— (DE) 3]
NO —
| [M(ADDR14<{DE)
(DE)=(DE -1) (HL)<——0100H
T (HU)=<-(HL)+(DE)

¥
DISPLAY SPEE()

¥
IRETRIEVE REGISTERS|

(R E T U RN
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middle value of the look up table to decide which half of
the table contains this value. If the 60° count is in the
Ist half then comparisoﬁ is carried out. in upward direc=~
tion from the bottom data in the Ist half of the look up
table, On the other hand, if the measured 60° count value
becomes less than the middle value of the look up table,
the motor speed is found out by compafing the measured
Value With the calculated values starting from the top
data in the 2nd half of the look up table. The address of
the 60° count which is found to' very close to the measured
60° value is stored in the memory location ADDR14. In

the next cycle, microprocessor searches oﬁt the value from
the look up table which is. very close to measured 600 ooﬁnt
with respect to the value whose address is available in
memory location ADDR14 and the corresponding speed is dis-
played in the address field, The address of the presenc
count is again stored in ADDRT14 for using in the next time.,
The speed is diSplayed at every cycle of the inverter ope-
~ration, The‘major advantage of this method is that it does

not require any extra hardware components.

NAME OF THE SUBROUTINE ¢ SPEED

INPUT

.0

60° count corresponding to the
clock 511.67 KH, in the memory
location ADDRI1. !
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OUTPUT :  Display synchronous motor speed
_ in the address field.
CALLS H NONE
DESTROYS L om
H This subroutine measures the

‘DESCRIPTION
‘ machine speed and displays speed
directly in decimal form in the
address field., This subroutine
mak .s use of look up table pre-
pared analytically to search

out the motor speed directly
corresponding. to measured 60°
count value stored in memory
location ADDR1.

3.10 CONCLUSIONS

In this chapter, the main program and the various
subroutine used in the main routine implementation’have been
described in detail. The various subrcutine discussed are
ADC subroutine, DIVISION subroutine, MULT subroutine, 1Ry
interrupt subroutine, IR, interrupt subroutine, qu interr-

upt subroutine and SPEED subroutine.

ADC subroutine provides on line firing angle inforf_
mation for the line commutated inverter, DIVISION sub-
routine is used to calculate 1° count and MULT subroutine

performs the multiplication of_1O count and ADC output.

In the present scheme, three interrupt requests

handled by 8259A are used. They are IRy, IR, and IR,
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interrupt requests, IRO interrupt request is used to load
the firing anglé delay count into TM1(2) and IR, and IR, inte-
rrupt request have been used for generating firing pulses

for the thyristors of the inverter in proper seguence.

The main routine and wvarious subroutines software
programmes have been tested individually on a VMC~-85 uP

trainer for implementing in the present Scheme,



CHAPTER ~ IV

STEADY STATE ANALYSIS OF THE DRIVE

4.1 GENERAL  ©

The steady state performance equations of a commu-
tatorless d.c, Series motor (SCLM) drive are developed sysS-
temtically in this chapter{ Simple effective equivalent
circuits are presented for the SILM system during.conduction
and commutation interval, With the help of equivalent cir-
cuit and vector diagram, the performance équations of thé
comﬁutatorless d.é. series motor are derived., A computef'.
algorithm is developed for steady'state analysis of the

drive.

k.2 ANALYSIS
4,2,1 System Considered:

The schematic diagram of the\system oonsidered for
steédy sfate anélysis is shown in Fig. 2.1. The system
comprises of an aQtOEtraﬁéformer, an uncontrolled bridge
réotifier, a d.c, link inductor, a machine voltége commu-
tated inverter and a conventionél Synchronous machine.
The average d.c, output voltage of the rectifier is cont-
rolled by changing the a.c. voltage input to the diode
bridge rectifier. This three phase uncontrolled bridge

rectifier and d.c, 1link inductor combine to form a d.c.
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current source for the line commutafed inverter. The syn-
Cchronizing-signal is obtained by sensing. two line to line
voltages; VAC and VCB from the synohronéus motor terminals,
This synchronizing signal is inputed to the miorocomputer
for generating firing pulses for the thyristors of the
bridge inverter in proper sequence. The loading afrangement

of the commutatorless d.c. motor is performed by a sepa-

rately excited d.c., generator coupled to éynchronous motor,

4,2,2 Analytical Model:

The steady state analysis of commulatorless d.c.
Sseries motor is based on several assumptions to simplify

the derivations. ThesSe assumptions are as follows:

i) The d.c. link current I,  is assumed to be ripple
free,
ii) The stator winding resistance drop ISy R.Sy of
synchronous machine is neglected.
iii) The effect of magnetic saturation on the perfor-

mance of synchronous motor is neglected.

iv) The voltage commutated inverter operation is
assumed to be lossless and free from harmonics,

v) A gating signal for the SCR is available at the
inverter lead angle .

vi) Damper windings of the synchronous machine are
neglected,
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vii) Flux linkage ig assumed to be constant during
commutation period of thyristors,

viii) Mechanical moment of inertia of the motor is
assumed to be So large that the motor Speed -
remains constant during commutation period,

ix) Terminal voltages of syachronous machine are
assumed to be balanced and sinusoidal.

There are two modes of :operation of the iaverter in
coamutatorlsss d.c, series motor system. These are conduc-
tion and commutation modes. The equivalent circuit [19]
of tihe synchronous maciaine durihg the commutation is shown
in Pig., 4.1. In this circuit, eéch phase of the machine is
represented by a voltage sdurce (line to.neufral terminal
voltage) in series with a commutating reactance X, . The
negative sequence-réactance due to line-to~line short cir-
cuit between any two terminals of the Synchroﬁous machine
is considered as obmmutating reactance which is Seen by the -

current during the comsnutation period.

Line commutatioa of the thyristors of inverter is
made possible by the fact that its a.c. terminals'afe'connecm
ted to the synchrcnous machine which is seen by the inver-
ter as a three~phase‘ a.c, source of terminal voltage Vsy

(line-to~-neutral) and commutating reactance X, (source

reactance),

Three-phase bridge rectifier with auto-trans former

and d.c. link inductor acts together as a variable ‘d.c.
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FI1G-41-EQUIVALENT CIRCUIT DIAGRAM DURING COMMUTATION FROM
THYRISTOR T, TO THYRISTOR T4

DC LINK INDUCTOR ’
/ FIELD WINDING OF
SYNCHRONOUS M/C
/ Xc  Xs—Xc
+ .

——'-Idc

vd Vde .
L Vo

LCI

F1G. 4-2— EQUIVALENT CIRCUIT DIAGRAM OF COMMUTATORLESS
DC SERIES MOTOR



-68-

current source for the line comimutated inverter. The d.c;
link current is cyclically distributed 1into the three a.c.
lines in the form of rectangular a.c. currents of Idc ambliu
tude. The fundamental components Isy of these three a.c,
line current are 120° displaced. They lead their respactive
line-to-neutral motor terminal voltage by displacement
angle 8 + 180°, where @*is the supplementary vangle between

7

'Vsy and Isy’
if the reactance XC is connected in series with the
line to act like a éburce reactance of the three-phase a.c.
voltage source of rms value»Véﬁlinemtouneutral voltage;,
the fundamsntal component of the machine current also flows
through XC. Therefore , thg Synéhronous reaotance’muSt be
reduced to'XS'- Xo so that total efiect of Isy is unchanged.
The effective equivalent circuit for commutatorless d.c.
series motor is shown in Fig° 4.2 which is derived with
the help of equivalent circuits given by Hoanglethy t19],
John Rosa [ 23] and Ajay Kumar 7] with soue modifiéation59
which take care of the fact that excitation winding now

appears Series connected with the d.c. link,

The fundamental current Icy results in a sinusoidal

voltage drop I (Xs - XC) across the adjusted syachronous

Sy
reactance (XS - XC) resulting in sinusoidal voltage Vsy
behind the reactance X , where the interface between maciine

and line commutated inverter is assumed to lie,

~
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‘The phasor diagram of the commutatorless d.c., series
motor is shown in Fig. 4.3 which is same as the phasor dia-
gram derived by Johsn Rosa |23| for mac.ine cousutated in-

verter fed synchronous machine. The machine ourrent~ISy

~leads the loaded terminal voltage Vé at an'supplementary<

y
angle g/ . Terminal voltage Véy leads the no load voltage
Esy’ ‘
r - B’ where T is the supplementary displacement angle

which in turn is induced by pole flux ¢ by an angle

of ISy Wiﬁh‘reSpectltq Eg

vyt
The no load terminal voltage (excitation voltage) of

the synchronous machine is given by

— - 1 N \

J‘ilsy — L}'.H‘L" I{.W q)f Tph no-o(L.I'./l/
whefe KW = distribution factor

Tph = Turn per phase

=
I

flux per pole "

he relationship between flux per pole and excita-
tion current is described by

b= K Ip | | el (ba2)

Thus with the use of (4.1) and (4.2), we get

el
it

Lobh K K. I. f T -

Sy w o f °f ph
or isy = (444 K, Ke Tph) Ip €
or Esy~ = K, I..f NS )



i
Vsy Ve Isyd (Xg—Xc)
ﬁl
1& ' <—1gyq (Xq'-Xc)
— y
Isyq=1Igy Cos Y | : | Esy

1 ’ V
=Y . Isyd=1sy SinY

FlG.Z-B-PHASOR DIAGRAM OF COMMUTATORLESS DC SERIES MOTOR

FIG. 4-4—COMMUTATION EVENT FROM THYRISTOR T1 TO THYRISTOR T3
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,where K, = b4 44 Kw Kf Tph

For commutatorless d.c, series motor, the excitation

current is given by

EIf = n Idc o0 o e \[‘l‘d[‘i')
where X = el gnd 1ts value becomes 1,0 if no field
Rf + Rh X ’

divertor is connected across the field windiang of synci-~

ronous machine,

where Rf = . Resistance of excitation winding of synchronous
macaine,
Rh = Resistance of field diverter, substituting

{(4.4) for'If into {&4.3), we get

E = K Ke I

sy d,Cf _ Y

The fundamental component I_._ -(rms value) of the rec-

Sy
tangular wave .a.c., line current of amplitude Ij. is found
in [23].

46,

I, = T

Sy . - Idc coo-(l‘iq6)'

with the use of equatlon (4.5) and CRIE

bsy = l’\"' ISy f . . oooo((L;‘o7;7
where K1 = K AeA?g‘
or By, = Ky Iy, N coes (B4.8)
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where K2 [T AP
. 120 =

The loaded terminal voltage Véy is obtained from the

phasor diagram as the vector differenca between B and reac-

Sy

tive voltage drop Isyd(Xd - XC)'and Isyq(Xq - Xc)9 each

leading the respective current cqmponent ISyd and Isyq
Y o ey NS 33 o Y . .fJ
by 907, Where Isyd and Isyq are the direct and qugdraturp
axis components of I‘Y with respect to @ (direct axis).

With the help of vector diagram, the relationship

between Véy, Egyg Isyd’.Isyq’ Xd and Xq ;s desoribgd by.
5 | 2 | 2 «
. = T3 . YoX N T Y3 1 el
Vsy - hlsy Isyd( \.d .KC/ ! }- i Isyq(-&q XC) 4 e o no(L{'ag,’
Let us assume Xy = X, = »X
Xq - XC = gX | | ceoo (4,10
The direct and. quadrature axis components of ISY are
Isyd = Isy Sinr
I . = I COSI" ; . .evo(i}'ol]/l:i

Tsyg TSy

Now substituting equations (4.10) & {&4.11) into

(4.9), we get

5 2 | 2
Voy" = [Bgy = Igy Sinr X] v [ Iy, Cosr qX ]
. - . 2 - .
- 2 5 o 2 s - 2 2
= Esy ~2J_.SYISy Sinr X =+ ISy Sinr X + ISy Cos'r
. 2
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I..X I X ,
= ESV2§1m2 2 Sinr + (;ﬁX;J (Sin2r+q20082r)] o (4122
Ssy =8y
; v 2 | 1
) r I X I A 2 17 .
or V. = B .A-2 ~3¥ Singr +{--2Y.-) (Siﬂ2r+qZCos r)d (B35
vsy Sy . Ji sy

8y

Substituting equation (4.7) for &, into (4.13), we have

8y
; 1
o I.. X I 2 , 5
Vgy = KyIg £ L2 2 e Sinp + Q;RXW ) (Sinzr+qZCosdr)J2
8y 8y KyIgyT Bsy
, 2,. 2
K ~ 2 :{Lg~Le) 4n={Lg=L.)
== K1Is féjmz ot e SIAP e e T Ten
y K K.,
1 1
1 .
2

(Sian + qZSian)},
1

=

“ry1 2 btk

= ™~ 'a P | 'd 2 Q5 2 2
or Vg, = Kqlg £ [1-2Ky Sinr + Ky~ (Sinr + g Cos

2™ (Ly = L.)
where X, = - _.-wd 2
d
K1

The Supplementary displacement angle r between ISy
and E%y depends on maghine parameters and firing angle of
the line coumutated inverter. Therefore if the firing angle
is maintained constant then the expression within the
bracket in the right haﬁd side of (4.14) also remains
constant, So under this condition; equation (4.14) is redu-

ced to

<3

. ) o o 2, 2 .
where Km = ‘A1 L1-2&d Sinr + Kd \Sln2r+q2C052r)]2
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3
. = W { =X
or véy = K ( nIdc) f
/6
= Ky 7w Ige t
v = K I, f where K, =K 6 4,16
Sy Lp -dc L wner,e D m g 2000\

The commutation phenomena frowm thyristor TlAto Ié
in conjunction with firing angle, comtutation angle,lead

angle, margin angle and power factor angle dre shown in.

From the vector diagrain, we get the following relatiois :

« I._ X Sinr |
SY L BY L oo (L 173

]
i
)
)
y

Cos(r -B")

L(L.18)

]
Q
°
©

Sin{r - g")

Bquations (4,17; and {4.18) can be rewritten as

B - I X olnr
BY L IBYL T (k. 19)

Cosr,CosB’ + Sinr.3ing’

Vsy
’ q I X COST’ ) C
Sinr.Cos B’ - Cosr.Sin g/ = ~emo¥eii ool (6200
Véy

Solving equation (4.19) and (4.20), expression for

power factor of the machine is obtained as

' B ) I. X Sinr q Slnr
Cos g’= P = =20 71 . B4 5y e 1 COST
v B g '

sy sy o “Sy
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E I X )
SYT 1 -8 (1 - g) Sinr] Cosr e 21

Vay Eqy

or Cos g” =
With ﬁhe use of equation (4.7), (4.15), (4.10) and

(4.21), we get PF as follows:

K, I..f I X
Cos B = 8y 1 o 2L (1 =g) Sinr] Cosr
K, Tgpf Ky Ig,f
Cos = K, L1 - K;(1=q) Sinr ] Cosr conn(Ba22)
Ky
where KC = —
Km
_ ZTE(Ld'Lc)
Kd B ramesmeon e e—
K1

)

This relationship indicates that power factor of the
speed.

synchropnous machine is independent of load and

The well known relationship between quantities

T4o» X, and angles Bag s b are found in (117 .

Vayr Vo
_ 348 :
Vie = 7 (V6 Vsy Cos B+ Iy, X)) o (125
' s I X
Cos(B-u) = Cosb = CosB .+ /&, -4c.C ceo (L2673
3 Vsy |

D.C. power input to the inverter must equal to the
real a.c. poWer fed to the synchronous motor, néglecting

the losses in the inverter system.

, | _ | ,
Vie I = 3,Véy ISy Cos B
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Where Vie = DC voltagg;appearing at the input of the
inverter ° ' '
IdC = DC 1link currént
g = Phasg shift between ISy and VSy

Substituting equation (4.21) and (4.25) into (4.27),

we get
‘ I. X :
3¢ < . _ - T sy Sy @
n(J Véy Cosf + I3 X, )Tz, =3 bSyL1 - - (1-q) Sinr]
Sy
Cosr I, c...(B.287

With the help of equation (4.6), this equation becomes

yis I X - .
2 - N [ S,,z_.___, E Q
gy Tgy Cos B+ 5 I % =35, 1. [1 - ~ ~(1-q)Sinr] Cosr
sy
T X -
1 - ?f e (1 q)Sinr] Cosr - z - anc
or Cos B = mmeem Sy i e s e Sy ool (4.29)
Vsy/ESy »

Substitating (4.7), (4.10) and (4.15) into (4.29),
we have the following expré&ssion of Cos B

2T,

L1 - 2W(Ld—L )/L (1- q)Slnr] Cosr = 3 ~ii
Cos B = e - RS — S 1
® /K
0 - K (1 q)slnr] Cosr - K L, . -
CoS B= G o R (Y
1/KC
where Ky = d_c
£

The details of computing r for a lead angle § is given in
Appendix=~1IV, : '



- 7O

KC = K1/Km
T2

Ka = e
3Ky

Equation (4.30) states the relationship between in-

verter lead angle f and the phase displacement angle Y.

Now substituting (4.29) for Cosp into (4.26), the

relationship between r and turn off angle } is also obtained,

1 - i / (1 q)Slnr] Cosr - éﬁ %me

. sy
COS ‘6 = St i o 373 o SR e A vt emmeae ermimes AR STACERe g S 4;_,-_..-..—-S=..-[
' V E
/ sy
oI X o
L2 Tlsye (L3
430 g v M
J6 . Vg
L1 - L K/E (e)Siar Joost Iy X
Vsy/.Jsy ) Vsy
(1 - I /E (1 q)Slnr] Cosy + 3 Slm_
or Cos® = — e e, ,_,,_J_,,_,gs,Y,J,,, (4.32)

V /m

Thus with the use of equation (4.7), (4.10) and

(4, 15),bquatlon (4.32) is simplified into

5 N 1T - Ky (1 q)DLHT] Cosr + K L

COS = ““"‘"""‘"‘"“‘ "” ot.c(qo:ja)

1/KC

D.C. power input to the inverter is given by

P = V cee o (L34

dc dc_I

dc
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Swpstituting (4.25) for Vy_-into (4.34), we get

= 3",6_ g 3 2 )
Py, = === Vg, Cos@ I +# I3.° X ceo o (4.35)

¢ n . SY¥

Equation (4.16) is substituted into (4.,35) to yield

_ 36 3
Pae = %= (K, Tgof) Iy, CosB + 2T

W

2 .
a Ko oo (4,36

After doing some algebraic operations, the desired

relationship is obtained

—_ . 2 . —r \
PdC - KdCIdC N aoo-(l'l'oj//
where K. - igln PK_ Cos B + B
de LO T o) 20 ¢
P = No of pole of the synchronous machine
. N = JSpeed of the synchronous motor in RPM

The electromaghetic torque developed by the synchro-

nous motor is given by

3V, I, Cos g’
. A S 2 S : eeeo(.38)
W
I8
where w = 27N, = 2T 2af _ 4T f
S P P
Ng = Machine speed in r.p.Ss.

Substituting equation (4.15) into (4.38), we get
the following eXpréssion for the torque |

—"/6“ . ./6
BnKm- ;E Idccf . -T'C- . I

d
T S et g o 8 2R s e e

4 ﬂ:f/P

o+ Cos B

oo se mmarE
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or T = K, TI,°% eeos (4.39)

T ~dc

! =) ' = &gwu H
where KT 2n3 P Km COSB

KT is constaht if the firing angle remains at a
fixed value, Thus the torque developed by the Synchrbnqus
motor is directly proportional to the square of the d.c.

link current like a conventional d.c. series motor,

The relationship between Vd’ Vdc’ R.dC and Idc is given

by

Vie = V3 = I, Bye ....(40.40)
where Rdc = Rd + Rf \
and Ry = Resistance of the d.c. link inductor

Re = Resistance of the excitatioﬁ winding of the

synchronous motor.

Va = Average d.c. voltage output of the bridge

rectifier,

The d.c. voltage output of the machine converter

is given by
V 3 "6

de = Tw Vgy CosP | eoee (857

After substituting (4.16) into (4.41), the relation-

ship between'VdC, N, and IdC is obtained.
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. 3..:{,6: (
Vi, = =2 Kp Igo £ Cos 8
_ 35 PN_
= T Ky laer 20 VoS P
or Vie = Ky N I, CosB ool (b42)
—
46 '
wher K., = === P K v
© w 4O T P :

The equation (4,40) is substituted into (4.42) to

yields the expression for Speed in terms of Vys B & Igqe
V, - 1 R '

4. Tde dc ceon (Bb.43)

Ky Igo Cos R

N =
dc

Thus the speed of the synchronous motor can be changed
by varying either d,c.'link voltage or firing angle of the

inverter,

4.3 COMPUTER ALGORITHM

The mathematical equation derived in the previous
Section are used for compuﬁing analytically the performa-
néés of the cémmutatorless d.c. series motor drive on a
digital computer. The flow chart for calculating the pef—
formances of the drive is given in Fig. 4.5.» At the begi-
nging of the program, drive parameters such as Xd, Xq X09
Ke, Rd’ Rf, P, K & g are inputted to the computer. 'The'
initial values : Vdo’
theAcomputer. Initially the firing angle of line commu-

1 and ®, are also supplied to

dco

lated inverter is incremented by 2o and the displacement



READ DRIVE PARAMETERS Xd,Xq
“1Xc,Ke, Rd, Rf, P, K AND Q

GIVE INITIAL VALUES Vdo,Idco ® (o |

P

N ‘-Lq;:Cfﬁl:\.(IJ

[ COMPUTE ¥ |
]

¥
\Vd = Vd+ AVd |

Tdc = Idc +Aldc _]
COMPUTE THE PERFORMA

—NCE CHARACTERISTICS
OF THE ODRIVE

!
PRINT THE RE-
-SULTS IN PRO-
'—PER FORMAT 4

)5

Mc Idcm

FIG. 4.5 “LOW CHART FOR COMPUTING PERFORMANCE |
’ CHARALTERISMS OF SCLI4
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angle r is calculated by using the equation (4;30); The
d.c. link voltage is increased by a step of AV and the
charaoteristiés of the drive is gomputed'-by varying the d.c.
link current in step of &I, . The turn off angle and
power factor are calculated by using equation (4,33) and
(4.22) respectively, The commutétion angle u is found
from‘equatipn (4.26).

The machine loaded terminal vcltage Vsy and current

Isy are computed with the help of equation (4.15) and (4.6)
respectively after calculating speed from (4.43). The
power input to the machine and torque developed by the syn-
chronous motor are defermined from (4,37) and (4.39), This
computation process is repeated for different combination

of firing angle and d.c. 1link voitage qntillthey exceed the

maximum values,

4.4  CONCLUSIONS

The complete steady state performance equations of
‘commutatorless d.c. series motor have been derived in this
éhapter. The no load induced voltage and terminal voltage
are found in terms of machine speed and d.c, link current.
The power factor of the synchronous motor is derived in
terﬁs of machine parameter and Supplementary displacement
angle r between no load induced voltage and machine current.
The power factor, commutation over-lap angie and margin

angle are found to be independent of d.c. link current

(enyal i VIS Ui vt
BOOREEE



-87-

and machine speed;

The eXpréSéions for speed, torque deveiOped and
inpﬁt power for commutatorless d.c. series motor indicate
the similar characteristics 1ike a conventional d.c. series
motor, A oomputerlalgorithm for computing the performance
characteristics of a SCLM system has also been discussed

in this chapter.



CHAPTER = V

STEADY STATE PERFORMANCE OF THE SYSTEM

5.1 GENERAL

This chapter deals with the steady state performance
characteristics of the commutatorless d.c. series motor,
computed from the mathematical equations derived in the pre-
vious chapter. The performance is calculated for several
values of d,c. link voltage and iiring angle of. the line

commutated inverter (LCcI). - ,

This chapter also deals with the experimental studies
on- the micfobrocessor controlled commutatorleqs d.c. series
motor drive; The reSults obtained from the eXperimental inves~
gations have been compared with the analytical ones and the
discrepancies between the two are discussed, The oscillo~
grams of the machine terminal voltage; stator current, d.c.
link voltage, d.c. link current and voltage‘Waveforms at

different points of the firing control circuit are also given,

5.2 COMPUTATION OF PERFORMANCE CHARACTERISTICS AND THEIR
EXPERIMENTAL, VERIFICATIONS

5.2.1 Computation of Characteristics:

The steady state performance of the commutatorless d.c.
series motor is computed by using the mathematical equations

derived in the previous chapter on a digital computer. Fortran
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program is developed for the computation of characteristics

of the drive, whose paraméters have been given ::m_Appendix—Iy
with the help of algorithm discussed in chapter IV, The
computer program is given in Appendix-I1V. Various perfor-
mance characteristics of the drive viz, Torgue Vs, Speed,
‘Torque Vs. d.c. 1ink current, speed-Vs. d.c. link current,
Terminal voitage Vs. machine current, power factor Vs. d.c.
link current, comm@tation angle Vs, d.c. 1ink current; d.c.
link voltage Vs, d.c. 1link currest; machine current Vs, d.c.
link current and real & reactive power Vs. d.c. link current
are computed and are Shown in Figs. 5.3 to 5.11. These charac-
teristics are discussed along-with corresponding experimental

results in section 5,3,

5.2.2, Experimental Investigations:

S/
The obJjectives of the experimental investigation are

to study the steédy stéte performanéé characteristics of the
series commutatorless d.c. motor (SCELM) drive. The .details

of the synchronous”machine and d.c. machine on which the'
experiments are-carried out, are given ih Appendix=I. The
experimental investigations to obtain the steady state perfor-

mance of the SCLM -system have been studied in two parfs:

‘i) No load tests
ii) Load tests

A manual starting procedure discussed in chapter-II

!

!
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has been adopted to start the commutatorless d.c, series motor.

No load tests are carried by varying d.c. link voltage with

constant firing angle and changing firing angle with cons-

tant d.c. link voltage. From the results of no load tests,

following no load steady state characteristics are obtained

(a)

(b)

The

Speed Vs, d.c., link voltage for different values

of firing angles.

Speed Vs, firing angle for different values of d.c.

link voltages.,

experimental performance of the SCLM system

under load is obtained with the help of coupled d.c. machine

runaing as

Sseparately excited d.c, generator, Load tests

are carried out on the commutatorless d.c. series motor by

- wviarying the load on the synchronous _motor with d.c, link

voltage and firing angle kept constant. From the experimen-

tal results, following characteristics are obtained:

i)
ii)
iii)

iv)

v)
vi)
vii)

viii)

Torque Vs, speed

Torque Vs, D,C. link current

Speed Vs, D.C, ligk current

Inverter d,c, terminal voltage Vs. d.c, link

current characteristics

Active and reaotive-power Vs. D.C. link current
Power factor & efficiency Vs, D,C, link current
Terminal voltage Vs. D.C, 1link current

Turn-off angle & commutation over lap angleA
Vs, D.C, 1link current.
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5.3 RESULTS 'AND DISCUSSIONS.

R

The experimental characteristics of commutatorless
d.c. series motor at nc load and loaded conditions are shown
in Figs. 5.1 to 5.11., The computed _charabteristics lof the
SCLM system are also given with the‘eXperimental characteris—
tics. The oscillograms of the wavéswshapes at different points
of the firing circuit, machine terminél voltage and current,
d.c, link voitage and current are recorded at no load and

loaded conditions and are shown in Figs. 5.12 to 5.13.

The following salient features on the performance of
series commutatorless d.c, motor may be observed from the

"results.

1. ~ It can be observed from Fig. 5.1 that under no load
condition synchronous motor speed increases with the increase
of d.c. link voltége with consfant firing angle of the line
'commutated inverter, The motor speed rises almost linearly
with the d.c, link voltage. The épeed of the motor is seen
to be highly sensitive with the variation of d.c, link
voltage compared to that with firing angle change., It 1is
also observed that the characteristic curve moves dpward

with the decrease of inverter firing angle.

Fig. 5.2 shows ‘the quiation of no load motor speed
with firing angle at constant d.c. link voltage. The firing
angle must be within the safe region to avoid commutation
failure. So large range  of speed variation is not possible

R S R R D T 1
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by firing angle change as may be observed from Fig. 5.2,

-

2, Tt is observed from Fig. 5.3 that the SCLM system
exhibitsv Similar torqﬁe Vs, sSpeed characteristic 1like a
conventional d.c, series motor, It is obvious that at iower
motor speed, torque is very high and becomes low at higher

Spe=d,

Torque Vs. Speed characteristic curve is shifted up-
ward witﬁ increase in firing angle. From Fig. 5.3, it is
also observed that a good correlation exists between experi-
" mental and computed results, The computed torque is found
to be slightly more fhan the experimental ones, It is due
to neglecting power losses in the line commutated inverter
section and :friction and windage losses in the rotating

machines,

3. The variation of torque with the d.c. link current for
different combination'of d.c, link voltage.énd firing angle
is shown in Fig, 5.4, This characteristic exactly corre-
lates with that of conventional d.c., series motor. The
computed torque is observed to be slightly more than the
torque obtained experimentally dué to neglecting power 1lossecs

as mentioned earlier,

4, It is observed from Fig, 5.5 that the synchronous'
motor speed changes with load like a conventional d.c,
geries motor, In Fig. 5.5, good correlation is obserwved

between experimental and ineoretical results. Fig. 5.6
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~

Shows the vafiation of inverter d.c. terminal voltage with

d.c. link current at different setting of Va. It is obser-
ved that this voltage decreases slightly with the increase

of d,c., 1link current. Computed characteristic 1is very

close to the experimental ones.

5. From Fig., 5.7 it may be observed that active and reac-
tive pbwer increase almost linearly with the increase of
d.c. link current. It is due to fact that the power factor
remains constant with the variation of load and the motor
terminal voltaée decreases very slowly with the inCrease

of d.c. link currcnt., Good correlation is observed between

measured and computed results.,

6. It is observed from Fig. 5.8 that the stator current
of the synchronous motor changes linearly with d.c. link
current. The power factor of the synchronous motor is found
to be'indepéndeht of d.c. link current., Motor éfficienCy

decreases with the increase of d.c. link current.

7. Fig., 5.9 shows the variation of términal voltage with
stator current. This voltage decreases slowly with machine
currenti Terminal voltage depends upon load current and
speed of the synchronous machine. If the d.c., 1link cﬁrrent
increases then speed decreaées and therefore the terminal
voltage does not change to a great extent. It is clear fron
Fig, 5.10 and 5.11 that turn.off angle and commutation over-

lap angle are independent of d.c. link current.
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8.  The oscillograms of machine terminal voltage V.,
synchronizing signal, output of counter TM1(2) and output

of counter T2(2) are shown in Fig. 5.12(a). These are L
exaotly identical to the theoretical ones given in Chapter-ii.
- The waveforms for machine terminal voltages VAB’ VBC & VCA
are given in Fig. 5.712(b) in which the commutation spikes
are clearly visible at 60° interval. Fig. 5.12(c) & 5.12(d)
show the waveforms of.V'AC
channels, The oscillograms of d.c, link voltage and current

and firing pulses for all six

at no load and loaded conditions of the drive are given in
Fig. 5.13(a) and 5.13(b) respectively. It is observed that
the ripples content in d.c. 1link current is small due to .

high inductance in the d.c., link.

9. The voitage and current waveforms at mofor terminals
under no load and loaded conditions are shown in Fig. 5.13(c}
and 5.13(4d). The voltége waveforms are sinusoidal with
notches at 60° interVal due to commutation of the thyristors.
But the motor currents are of .rectangular shape and rich -

in harmonics as expected for continuous d.c., link current.

The SCLM system works satisfactorily at no load and
loaded conditions and will find good applications in various

industries in place of conventional d.c. series motor.

5.4  CONCLUSIONS

The present scheme . works satisfactorily at no load

as well as at loaded conditions., Microprocessor based firing
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control circuit generates reliable firing pulses for thy-
ristors of the inverter in proper sequence in presence of
commutation spikes in the terminal voltage of the synch- -
ronous machine and on line firing angle control has been
achieved, The series commutatorless @dtor has same charac~
. teristics as exhibited by a conventional d.c., series motor,
Good correlation has bheen obsérved_ between the experimental
and the computed results,_ thus estéblishing theﬁvalidity.
- of developed analytical model, Tae SCLM system provideé
excellent performance dué to reliable firing pulses gene-
rated by the microcomputer and will find good applications
like traction9 drilling, liftihg and hoisting, etc.

in place of conventional d.,c. series motor, .



CGHAPTER - VI

CONCLUSTONS AND SUGGESTIONS FOR FURTHER WORK

The work presented in this thesis covers the design
and fabrication of a microprocessor controlled firing scheme
for line commutafed inverter, experimental investigations
on the performance of commutatorless d.c, series motor and
also the steady state analysis of the drive., The main

conclusions of the present work are summarised as follows:

(i)  The power circuits and an open loop firing angle con-
trol scheme using less hardware components have been designed
and fabricated. This firing circuit works satisfaqtorily

in presence of commutation Spikes,ih the terminal voltage

of the synchronous machine. Tﬁe‘recorded waveforms at the
different points of firing'circuit are observed identical

to the theoretical ones, Linear on line firing angle cont-

rol is achieved with this scheme.

(ii) From the experimental investigations, it is observed .
that the system is stablé at no load as well as loaded condi-
tions. The variation of Speed has been bbtained with the
help of d.c. link voltage and firing angle., It is also
verified that commutatorless d.c, series motor ~exhibits
characteristics similar to conventional d.c. series motor.

The power factor, commutation over lap angle and turn off
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angle are found to be independent of load and machine speed.

(iii) The computed results under loaded condition of the
drive shows the good corrélation with test results, thus
@stabilishing the validity of developed analytical model,
Moreover the developed analytical technique based on egui-
valent circuit approach fequirés small computational time

and marginal memory storage of computer.

(iv) The terminagl voltage of the synchronous motor is
observed  sinusoidal wunder all oondifions with small
notches spaced at 60° interval occuring due to the commu-
tation of the thyristors of line commutated inverter., 'The
duration of the spike is.equal to the commutation over lap

angle and is quite small,

(v) The stator current of the synchronous motor is not
sinusoidal. The current is of rectangular waveforms with
little commutation spike at 60° interval. The current

waveforms are rich-in harmonics,

The microcomputer based firing control scheme works
Satisfaotorily, The Commutatorless-d.oo series motor gives:
excelleht performance due to reliable firing pulses gene-
rated by the'microcomputer and will find good applica-
tions like traction, drilling, lifting énd'hoisting etc.

in place of conventional d,c. series motor,
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6.2 SUGGESTIONS FOR FURTHER WORK

The ma

in obJectives of this dissertation have been

successfully realized, During the course of investigation;

some problems have arisen which would require further

investigation. . Therefore this work can be extended on the

following

i)

ii)

iii)

iv)

vi)

" aspects: ;
. i

Series commutatorless motor is not self starting

hence it is an important need to develop. suita-

ble starting method for the system.

In t 1e present work steady state analysis of the
drive has been d;veIOped using steady state
equivatent circuit., So a dynamic model may be
derived to study the transient and dynamic per-

~

formance of the svysten,

The entire work was in open loop form however,

" for fast response and better stability; tne closed

foop control system may be deviced - for the
drive. | |

The present work ignores magnetic saturation effecty
inverter losses and no load losses to simplify the

‘derivations. for-steédy state analysis of the drive.

The effects of these factors on the drlve perfor-
mance may also be studied,

“An analytical model may be.deveiOped for the
.analysis of starting performance of the drive.

The Stapility anélysis of the system should be

carried out for designing closed loop sysfem,
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viii)
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The effect of harmonics on the steady state per-
formance of the drive may be studied.

Investigations on the series commutatorless
motor using higher rating synchropnous machine
should be carried out to generalize the analysis
approach and to explore this type of drive for

various industrial applications.
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APPENDIX - I

DETATLS AND PARAMETERS OF MACAINES USED

Uetdllb of Maohlnes used

e o T . AT ST A TR T T S

Synchronous motor:

Elektromotoren werke Kaiser, Berlin - ...
3 ph, Y, 400V, 10.84, 7.5 KVA, Cos = 0,8
1500 rpm, 50 Hz.

Exc. 40V, 8A

D.C, Motor:

Elektromotoren werke Kaiser, Berlin

220V, 424, 8KW, 1500 rpm,

Parameterq of Machines Uced

B e e T w U amE n w mme e e reeTTEas

Synchronous motor:

Xd = 21 - 51 Oi‘.LIhS/phaSe 9 X:q = 5 . 57 ohms /phaSe
XZ = 3 ° 84 OklinS/phase 9 R_Sy = '] . 88 Ohﬁls /phas e
Re = 3,07 onms

. -, motor:

R = 2,12 ohms



APPENDIX-II

DETAILS OF ADC 0808 INTERFACING CIRCUIT

PB, PBg PBs P, PB, PB, PB; PBy P Cg
1r ¢ [ [ 2

!

IEOC ;SOC

21 2019 18 8 15 14 177 9 6§ 22
' 24
ADC 0808 23
16
121 26 10 13
[o o RN
+5vV —
8'2K _‘!.5-‘/
- A —o
+5v
47K
| ini °
= 555 RA
— ] 7
~t 3 6
125 KHz _L
f—
4 5 H
001UF
RA = 1K
Rg =82

C =001 YF




LEBEL

ADDRESS

6000

6003
6005
6007
6009
6008
600D

 6OOF
‘6011

6013

6015

6017
6019
6018
601D
601F

6020
6022
6024
6026
6028

6024
602C
602F

APPENDIX = III

MAIN PROGRAM

CONTENTS

3E,

D3,

D3,

21
22,

31, FF, 7F

8A
OB
00 -
08

.54

13
03
11
BO
13
70"
13
30
13

56

61

MNEMONICS A COMMENTS

LXI SP STACK INITIALIZE STACK POINTEL
MVI A, 8AH  INTTIALIZE 8255(2) IN .

OUT OBH ~ MODE 'O
MVIA, OOH MAKE ALL BITS OF
OUT O8H PORTA LOW
MVIA, 54 INITIALIZE ™1 OF

© OUT 13 8253(1) IN HMODE 2
MVIZ, O3H LOAD TM1 OF 8253(1)
OUT 11H FOR 511,67 Kdz OUTPUI

"MVI a, BOH INITIALIZE TMZ2 OF

OUT 13H 8255(1)‘IN.MODE el
MVI A, 7O0H INITIALIZE TM1 OF
OUT A3H 8253(2) IN MODE 'O°
MVI A, BOH ~ INITIALIZE TM2 OF

" QUT A 3H 8253(2) IN MODE 0
DI  DISABLE INTERRUPT
SYSTEMS

MVI 4, 56H - INITIALIZE 8259
OUT 28H IN FULLY NESTED
MVI 4, 61H  MoDE

0UT 29H B

MVI A, EAH UNMASK IRq; IR, &
IR, INT CHANNELS

OUT 29H .

70; 64 1XI H.ADDR9

78, 61

SHLD ADDR14



START

START2

START3

=
=

B

2N

6032

6034

6035

6038
6034
503C
6035
5040
6042
6053

6046
6048
6049

604C

604F

6052

6054

6055

- 6057

6058
6058
605C
605F

6060

(11)

DB, OA
17
DA, 32, 60

DB, 04

D2, 40, 60

DB, OA
17
D4, L6, 60

21, 5F, 61
22, 66, 61
DB, 12

L

DB, 12

N4
21, FF, FF
08
22, 68, 61
AF

7C

IN PORTC
RAL
JC STARTI

MVI 4, FFH

QUT 12H

MVI 4, FFH
OUT 12H

IN PORTC
RAL

JNC STARTZ2

IN PORTC
RAL

JC START3

I¥MPORT THE PC7 BIT
PC7 BIT IN CARRY

1S PC7=0? No, JUMP
TO STALRT

LOAD TM2(1) WITH

. FFFFH

IMPORT PC7 BIT

1S PC7=12 NO,
JUMP TO START2

IMPORT PC7 BIT

75 PC7=0? No,
JUMP TO START?

LXI H, (ADDR8-1)

SHLD ADDRO

IN 12H
MOV G, 4
IN 12ﬁ
MOV B, A

LXI H,
DSUB
SHLD ADDRT.
XRA A

MOV A, H

FEPE

INPUT LOWER BYTE
OF TM2(1)

GET LOWER BYTE IN
REGISTERS C _

INPUT HIGHER BYTE
OF T™M2(1)

GET THE BYTE IN
REGISTER B

SAVE 60° IN ADDR1



REPEAT

WAIT

6061
6062
6063
6064
6065
6066
6067
6064
606D
606F
6071
6073
6075

6078

6073
607E

607F
6082

6083
6086
6089

6084
608B

608C

17
57
7D
1F

19
22
22,
3E,
D3,

D3,
D,
CD,

CD,

EB

24,

19

76

F3
00,

6,

76,

FF
12
FF
12
20,

50,

00,

61
61

62

62

62

61

61

61

00

SHLD ADDR2
SHLD ADDR13
MVI 4, FFH
OUT 12H
MVI 4, FFH
QUT 12H

CALL ADC
CALL DIVISION

CALL MULT

XCH G

LHLD ADDR13

DisD D
SHLD ADDRY
LHLD ADDRO
BT

HLT -
DI
NOP

ROTATE RIGHT

GET ROTATED BYTE IN D

ROTATE RIGHT .
T ROTATED BYTE IN E

4pD 60° wrmH 30°

SAVE 90° IN ADDR2

LOAD T™M2(1)

WITH FFFFH

GET FIRING ANGLE IN..
FORMATION

DIVIDE 90° COUNT
BY 54H

GET THE PRODUCT IN
(D,E)

cer 90° IN (H,L)

(H,L)CONTAINS FIRING .
ANGLE DELAY

SAVE FIRING ANGLE
DELAY IN ADDR7

LOAD (H,L)WITH FIRIHG
PLUSE COMMAND ADDRE.E

ENABLE INTZRRUPT
SYSTEMS

WAIT FOR THE INTERRUPY



INTR2

INTR3

DISPLAY
UNMASK

608F
6090
8092

6095
6097
6099
609C
609E

60 A1
60 A3
6045
6048

- 604AA

60AD
604F

60B2
60B5
60B8
6OBA
60BC
60BF
6002
60Ck
60C6

3,

60
oF

00
00
89;
51

a8,

00

00

52,

BF,

89,

(iv)

60

60

60

60

60

61
61

60
62

60

MOV 4, L
CPT 60H

JNC INTRZ IS F5=17? YES JUMP™
170 INTR2

NOP

NOP

JMP WAIT
CPI 61H

JNC INTR? $S FS=2? YES. JUMP
TO INTR3

JMP NEW
CPI 62H

JC DISPLAY IS FS=3? NO JUMPT
TC DISPLAY

CpPI 654

JNZ UNMASK IS #S COMPLETED? NO,
JUMP TO UNMASK

LXI H, {ADDR8-1)

SHLD ADDRO

NOP

NOP

JMP REPEAT

CLLL SPEED DISPLAY SPEED
NOp

NOP

JMP WAIT



(v) N
- IR, INTERRUPT SUBROUTINE

SRR AT LR AT IATAC TV ATNRIN o FTRIT I  ORT

.6180 . F5 - . PUSH PSW (.SAVE PSW
6181 00,00,00  NOP | .

6184 34, Th, 61V’LDA ADDR7 - LOAD TM1(1)
6187 D3, i our, AE WITH PIRING
6189 34, 75, 61 LDA ADDR7+1  ANGLE DELAY
618C D3, A1 OUT 4lE |
618E F3 . DI | DISABLE INTERRUPT
SRR o - SYSTEMS .

618F © 3E, 60 MVI 4, 60  END OF INTERRUPT IR
6191 D3, 28 . OUT 28H ' |

6193 - F1 -

L6194 . - FB ‘ EI .  ENABLE INTERRUPT
6195 o REr RESUME THE WORK

IR, INTERRUPT SUBROUTINE

6140 Fj "PUSH PSW

6141 00,00,00  NOP

614 23 INKH

6145 7E . MOV A4, M GET FIRING PLUSEH
A o COMMAND IN A

6146 D3, 08 -~ OUT PORT A  MAKE PARTICULAR BITS

| R HIGH

6148 . 3a, 68,'61 LDA ADDR1  'LOAD TMz(é)

6148 D3, 42 OUT A2H . WITH 60°

614D -~ 34, 69, 61 LD4 ADDRI+1 ,bELAY :

6180 D3, 42 OUT 42H =



| (vi)

6182 38, 00 . MVI 4, OOH  MAKE ALL BITS
6184 D3, 08 OUT PORT 4  OF PORT &4 LOW
6186 22, 65, 61 SHLD ADDRO SAVE (H,L)
6189  F3 DI DISABLE INTERRUPT
: SYSTEMS
6184 38, €2 MVI A, 62H END OF INTERRUPT
61BC D3, 28 QUT 28H iRZ |
61BE F1
6187 FB
610 09 RET RETURN TO MAIN PROGRAM

IRy, INTERRUPT SURROUTINE

6100 5 ' PUSH pSW SAVE PSW

61D1 00, 00, 00 NOP

61Dk 23 INX H

6105 7B | MOV 4, M MAKE SPECIFIED BITS

61D6 D3, 6 OUT PORT 4  HIGH

6108 7D MOV 4, L

6109 FE, 65 CPI 65H

61DB Ci, B8, 61 JZ NOLOAD IS FIRING SEQUENCE SIX?

YES, JUMP TO NOLOAD

61DE 34, 68, 61 LDA ADDR1 LOAD TM2(2)

61E1 D3, A2 OUT A2H WITH 60° DELAY

6183 34, 69, 61 LDA ADDR1+1 -

6156 D3, 42 OUT 42H |
NOLOAD  61E8 38, 00 MVI 4, OCH  MAKE ALL PORT 4

61E4 D3, 08 OUT PORT &  BITS LOW



"READ

61EC
61ED

651F0

61FT

61F3
61F5
61F6
61F7

6220

6222
6224

6227
6224,

6220
622F
6230
6231

6232

6235

6237

6234,
623D

FB

(vii)

EI

22, 66, 61 SHLD ADDRO

F3

5E’/ 64

D3,

F{

8

<9

D3,

D3,
D3,
17
17
D2,

DB,

32,
32,
06,

28

DI

MVI 4, 61H
OUT 28H
BOP PSH
BT

RET

ADC SUBROUTINE

01

04
o1,

BC,
00

09

72,
56,
00

00

03

62

61
27

MVI 4, 01H

OUT PORT C
1LXI D, COUNT

CALL DELAY
MVI A, 00

OUT PORT C
I PORTC
ItAL'

RAL

JNC READ
IN PORT B

STA ADDR6
STA 27F6H

MVI B, OCH

ENABLE INTERRUPT

SAVE (H,L) IN ADDRO

DISABLE INTERRUPT
SYSTEM :

END OF .
INTERRUFT IRy,

ENABLE INTERRUPT

RETURN

LOAD BYTE IN ACCUMU-
LATOR TO SeT PC,

SET PCg

LOAD (D,E)WITH DELAY
COUNT '

THIS IS 4 12uS DELAY

LOAD BYTE IN ACCUMU-
LATOR TO RESET PC_

RESET PC,

IMPORT EOC SIGNAL

GET PC6 IN CaRrRY

IS CONVERSION OVER?
NO, JUMP TO READ

GET THE DATA IN
ACCUMULATOR

SAVE ADC OUTPUT



CONTINUZ

623F

6242

6250
6253
6256

6259

625C
6251
6262

6263

. 6264

6265
6268

6268

- 626C

626D
626E

625 F

6272

6273

6276

65277

CD, F4, 06

C9

DIVISION

b 2,

21, 00, 00

22, 6C, 6
22, 61, 61

22, 70, 61

01, 54, 00,

24, 64, 61

, 64, 61

24, 6C, 61

EB
08
D2, 80, 62

34, 6E, 61

(viii)

. GALL MODDT

RET

SN e

SUBROUTINE

LXI H,000CH
SHLD ADDR3
SHLD ADDRA
SHLD ADDRS
LXI B, 0054H
LHLD ADDR2
XCHG -
RDLC

XCHG

SHLD ADDR2

LHLD ADDR3

XCHG

RDLC

XCHG

DSUB

JNC TLO4D

CMC -
LDA ADDRA

MOV X, 4

LDA ADDRA4+1

DISPLAY ADC OUTPUT
IN DATA FIELD

 RETURN TO MAIN PROGR.M

=

LOAD(HL)WITH OOOOH
INITIALIZE THE

MEMORY LOCATIONS

- WITH OOQOOH

LOAD (BC) WITH 5AH
LOAD(HL )WITH DIVIDGENT
GET DIVIDENT IN(DE)
GET MSB IN THE CAfwtY

SAVE(HL )

BT PARTIAL DIVIDENT

IN (HL)

ROTATE CARRY IN LSB

OF (DE)

Is CY=1? NO, JUMP
TO LOAD

COMPLEMENT THE CaRxY

'~ GET LOWER BYTE OF

PARTIAL QUOTIENTINE



(ix) 'ﬁ

6274 57 MOV D, A GET HIGHER BYTE OF
| : : PARTIAL QUOTIENTIN D
6278 18 RDLC PUT CARRY IN LSB OF
(DE)

627C 09 DAD B ADD DIVISOR. WITH (HL)
627D  C3, 84, 62 JMP SAVE

LOAD 5280 3F - oMC COMPLEMENT CARRY
6281 34, 68, 61 LDaA ADDRL ET PARTTAL
628k 5F MOV E, 4  QUOTIENT IN
6285 34, 6F, 61 LDA (ADDR4+1) (DE)
6288 57 MOV D, A
6289 18 RDLC PUT CARRY INTO 1S3

4 or (D=E)

SAVE 6284 . 22, 6C, 61 SHLD ADDR3  SAVE (HL) IN 4DD g3
628D EB XCHG | |
628E 22, 6E, 61 SHLD ADDR4 = SAVE PARTIAL QUOTIENT

- IN ADDRL
6291 34, 70, €1 LDa ADDRS LOAD ACCUMULATOR
WITH BIT COUNT
- 6294 " 3C | INR & ;PDATE BIT COUNT

6295 32, 70, 61 ST4 ADDRS SAVE BIT NO IN ADORS
6298 F®E, 10- . CPI 10H
6294 02, 5F, 62 JNZ CONTINUE ARE ALL BITS oF

DIVIDENT TESTED?
NO, JUMP TO CONTINUZ

629D Cc9 RET RETURN TO MAIN PROGRAM

o

. MULT SUBROUTINE

- 52B0 24, 6B, 61 LHLD ADDRA4 LOAD(HL ) WITH MULTT? »
LICAND
62B3 EB - XCHG GET MULTIFLICAND IW

(DE)



(%)

628k 21, 00, 00 LXI H,0000d INITIALIZE (HL)
- WITH OOOCH
6287 34, 72, 61 LDai ADDRS LOAD ACCUMULATOR
| WwITH MULTIPLIER
6284 47 MOV B, A
6288 0%, 00 MVI C,00H INITIALIZE COUNTIR
: '~ C WITH OCH
NEXT 6287 oc + INR C
62BE 78 MOV A, B
62BF 1F RAR ' PUT LSB INTO CALxY
6200 47 ' MOV B, A
621 D2, DO, 62 JNC TEST IS -CY=1? NO, JUMP
3 . TO TEST o
62ck - 79 | MOV &, C
6205 FE, 01 cPI 011
62C7 Ch, CC, 62 JZ UPDATE IS Z=1? Y&S, JUMP
 TO UPDATE
62C4 . AR - XRA 4 CLEAR -CARRY
62cB 18  RILC ROTATE(DE)LEFT BY
‘ ' | : ONE BIT
UPDATE  62CC 19 DAD D "UPDATE THE PATIAL
« PRODUCT |
620D C3, D8, 62 JMP FINISH -
TEST 6200 79 MOV 4, C
6201 FE, 01 - CPI 013 ‘
62D3 . C4, DB, 62 JZ FINISH IS Z=17? YES JUMP"
' | - TO FINISH
62D5 AF XRA A | CLEAR CARRY
62D7 18 RDLC ~ ROTATE LEFT BY ONE

BIT



FINISH

62D8
62109
62DB

62DE

6250
6281
62FL
62F5
62F6
62F9
62FA
62FB

52FC

62FD

52FE

GC2FF
6300

6303
6306
6307
6308
6309

6304

630B

530C

(xi)

MOV A, C
CPI O7H.

JNZ NEXT

SPEED SUBROUTINE

E5
24, 68, 61
4D
44y

PUSH H
LHLD ADDRT
MOV C, L
MOV B, H

LHLD ADDR14

XCHG

- LDAX D

MOVy, A
INXD
LDAX D

MOV H, 4
“SUB

JZ L.00p1

JC MORE

CINK D

LoAX D

MOV L, &
INX D

LDAX D
MOV H, A

DSUB

IS Z=17 NO, JUMP
TO NEXT

RETURN TO MAIN
PROGRAM



MORE

LOCP1
LO0Op2

LOCP3

LOCPA4

6300
6310
6313
5316
6317

6318

6319
6314
€318
531¢C
631D
6315
5321
6324
6327
6328
6328
632¢C
632F
6330

6331

6332

6333
5334
5335
6336

. 6337

(xii)

Ca, 27, 63

D&, 2F, 63

c3, 06, 63

1B
ﬂB
14
67

- 1B

.C3,

13

C3,

1B
1B
13
1A'

4F

13

14
47
13

_589

16,

63

63

JZ L
JC L
JME
DCX
DCX
LDAX

MOV I

nex

00F1
OOP3
LESS
»
D

.

H,

5

LDAX D

MOV

D3UR

L, 4

JZ RPM

JC L
JMP
DCX
JMP
TNX
JMP
DCX
DX
nex
LoaX
MOV
INX
LDAK
MOV

INX

o0p2
LOOPA
5
REM |

D

J

¢

0
5
0
B
c, A
D
D
3, A

D




LOOPS

RPM

Da,

68,

59, .

55,

58,

(xiii)-

51

63

63

61

LDaX D

MOV L, A

INX D
LPbAX D

MOV H, &

MOV 4, H

MOV H, -

-

- MOV 4, L

RAR
MOV L, &
LDA ADDRT

MOV C, A

L4 (ADDR1T+1)

MOV B, 4
DSUB
JC LOOP5
DCX D

JME RPM

ST4 ADDR14

MOV &, D

STA (ADDR14+1)



.(Xiv)'

6360 21, 00, 01 LXI i 0100H

53563 19 - Dau D
5354 7 MOV 4, H
5365 32, W, 27 ST 277k
5368 23 | THX H
5369 71 . MOV 4, M
536 4 32, 15, 27 14 2755
535D 056, 00 MVI 3,00
E35F Cu, 5, 05 CALL MGDAD
» <
6372 1 - PP H
6373 Co RET

FIRING PLUSE COMMAND TABLE

ADDRESS CONTENT THYRISTOR PAIR FIRING SEQUTENCE
' : TO B FIRED ' \

6160 21 (6,1) 1
6161 03 (1,2) 2
6162 06 (2.3) 3
6163 : oc (3.4) L
6164 18 (L,5) 5

(5,6) 6

6165 - 30

MEMORY LOCATICNS

Address of command word , = 6166 ~ ADDRO.
60° count value | - = 6168 — ADDRI
90° count value . = 6164 — ADDR2
Partial divident . = 616C - ADDR3
Quotient ‘. ' = 6716% ~ ADDRA"
C output : | . = 6172 - ADDR6
Firing angle count - = 6174 - ADDR7

_ Starting address of command table = 6160 — ADDRS



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

02900 -

03000
03100
03200
03300
03400
03500
03600
03700

AN o000 a0 nnnnn

60

PAGE:? 1
APPENDIX 1V

STEADY STATE PERFORMANCE ANALYSIS OF COMMUTATORLESS
DC SERIES MOTOR DRIVE |

ALFA=INVERTER FIRING ANGLE

BETA=INVERTER LEAD ANGLE

GAM=DISPLACEMENT ANGLE BETWEEN ESY AND ISY
AMU=OVER LAP. ANGLE

DEL=TURN OF ANGLE

REA=ARMATURE REACTION ANGLE

PP=NO OF MACHINE POLE

VSY=SYNCHRONOUS MOTOR TERMINAL VOLTAGE
AISY=HMACHINE CURRENT

vD=DC LINK VOLTAGE

AIDC=DC LINK CURRENT

SP=SPEED OF SYNCHRONOUS MOTOR

PDC=INPUT POWKR TO. SYNCHRONOUS MOTOR
DIMENSION DASH(81)
OPEN(UNIT=1,DEVICE='DSK*,FILE="SH,00T")
DATA ALD,ALQ,ALC,RF,RD/0.0684,0,044,0,0122,3,67,0,26/
DATA AKE,PP,AK,Q0/1,620,4,0,1,0,0,57/

DATA DASH/81%"=*/
VD=80,0;AIDC=00,0;ALFA=130,
AK2=AKEX¥AK*PP/120,0

AK1=1.28*%AKE*AK

AKD=6.28% (ALD=ALC) /AK1

o 10 I=1,5

ALFA=ALFA+5,0

BETT=180,0=ALFA

BETA=RETT/57,295

COMPUTE DISPLACEMENT ANGLE GAM

GAM=0,0

A=GAM

X=COS(BETA) *SQRT(4,0=2,0%AKD#SIN(A) +tAKD**2% (SIN
LCAY¥SINCA) +Q¥%%2%COS (A)FCOS(A)))
¥=1,0=AKD*(1,0=Q)*%SIN(CA)

GAM=ACOS( (X+3,289%ALC/AKL)/Y)

YY=GAM=A

IF(YY ,LE. 0.,001) GO TO 70



03800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
05000
05400
05200
05300
05400
05500
05600
05700
05800
05900
06000
06100
06200
06300
06400
06500
06600
06700

70

40

06800

06900
07000
07100
07200
07300
07400

) PAGE: 2
APPENDIX IV

GO TO 60
AKM=AK1¥5QRT(1,0-2, 0%AKD*¥SIN(GAM) +AKD*¥2% (SIN(GAM)*SIN
1 (GAM) +Q%%2%COS (GAM) *COS(GAM))) '

DO 20 J=1,10

VD=VD+10,0

WRITE(1,40) VD,ALFA

FORMAT(15X,°DC LINK VOLTAGE=*,F7.2,10X,”FIRING ANGLE
1 =°,F7,2/3%, DCLINK”,3X, "MACHINE®,2X,*MACHINE® , 2X,
1"POWER", 3X, "COMMU" ,2X, *TURN‘,3X, *REACT",2X, "POWER" , 2X,
1°M/Cc”,8X,"M/C*/3X, CURRENT’ ,2X,’VOLTAGE®, 2X, "CURRENI
17,2X, FACTOR’,2X, "ANGLE" ,2X, "ANGLE’ ,2X, ” ANGLE" , 2X,
17INPUT, 2X, "SPEED®, 6X, "TURQUE®)

DO 30 K=1,16

COMPUTE SYNCHRONOUS MACHINE CHARACTERISTICS
AIDC=AIDC+0,5

AISY=0,7796%AIDC

RDC=RD+RF

AKN=0,0151%PPX*AKM

SP=(VD=AIDC*RDC)/ (AKN*AIDC*COS(BETA))

IF(sP ,GT. 1800,) GO TO 30
VSY=6.497E~03%AKM¥AIDC*PP*SP

IF(VSY .GT. 250,) GO TO 30

AKC=AK1/AKMN

PF=AKCX (1, 0=AKD¥(1,0=Q)*SIN(GAM))*COS(GAM)
XX=(1,0=AKD*(1,0~Q)*SIN(GAM))*COS(GAM)

- DEL=ACOS(AKC*(XX+3,289%ALC/AK1))

AMU=BETA=DEL
BET=ACOS (PF)
REA=GAM=BET
VDC=VD=AIDC*RDC
PDC=VDC*AIDC
AKT=0,1451%PPXAKM*¥PF
TOR=AKT*AIDC¥%2
ADEL=DEL*57,295
AAMU=AMUX57,295
AREASREA%57,295
APDC=PDC/1000,0



07500
07600
07700
07800
07900
08000
08100
08200
08300
08400
08500
08600
08700
08800

50

30

80

20

10
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WRITE(1,50) AIDC ,VSY,AISY,PF,AANU,ADEL,
1AREA, APDC, SP, TOR

FORMAT (5X,F54.2,3X,F6,2,4X,F5,2,3X,F5,3,2X,F5,2,
12X,F5,2,2X,F5,2,2X,1'5,3,2X,67.2, 3X,F7.2)
CONTINUE

AIDC=0,0

WRITE(1,80) DASH

FORMAT(3X,81A1)

CONTINUE

VD=80,0

CONTINUE

STOP

END



COMPUTATIO OF SUPPLAMENTAYY DISPLACUMENT ANGLE x

The relationship between firing angle and supplementary
displacement angle r is described by

2
: L
1—K (1~q)81nr] Cosy - B*YQ
CosB = 1
A ‘“*‘K‘ T (1)
m Tl
K. 1-K  {1-q)Sinr] Cosr ~ 3.289L
or COS.B = ...1 ..d ca P . . {2)
K v
m
L
whe e Km = KIEIMZKdSinr + Kd2{51n2r+q20052r)}2
BEquation (2) can be rewritten as
1
K, (12K Sinr+K % (Sin”r+q"Cos?r) )% Cosp =
- ‘ 3.289L
Kl'LleK (1 q;olnrj Cosr - —*K‘l*““f }
Therefore 1-Kd(1~q)Sinr]Cosr = [1~2K Sinr+K 2(Sin2i?
5 o 3.289L
+q 2(sin® r+q~Cos“r) j CosB + ~LK=~==‘—
1
L 3 2801
r 1 . - 2 . 2 2 Je - C
: Cos8l1~2K Sinr+K *(Sin” r+q“Cos 2p) 124 DolB
A : d a K
Hence Cogr = = 1 '
1 - Kd(lw-,q} Sin r
Using notations
r v s 2. 2 \ 2
X = CosBi1-2K Sinr+K, 2 (81n%r+q°Cos?r) ] (L)
and Y = 1~ K,(1~q) Sinr - -(5)
We obtain the following equation
3. 28“L
QP
Cosr = L ._,__‘_l
Y
. X+ 3.289L /K.
or r = Cog M e LY (6)

L Y 4

Now for a parL*CUJar'va]ue of firing angle, displacement ang

r is found by trial and error method using e\udtloﬂr i4), (5)

and (6).

ole
gle
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TO PREPARE A LOOK UP TABLE FOR SYNCHRONQUS MOTOR SPEED
MEASUREMENT DONE BY T.K.CHAKRABORTY

SP=SPEED OF THE SYNCHRONOUS MOTOR

DECM(60)=NO OF CLOCK CYCLE: IN 60 DEGREE OF POWER CYCLE
HEX(60)=HEXA EQUIVALENT TO DECM(60)

SPEED(DECM)=SPEED IN DECIMAL:

SPEED (HEX)=SPEED. IN HEXADECIMAL

DIMENSION H(16),A(4),B(4),DASH(61)
DATACH(IL),II=1,8)/°0%,°1%,%27,%3¢,%4%,75%,¢6*,°7*7
DATA (H(JJ) ,JJ=9,16)/78°,79°,7A%,7B”,°C’, Df,*E*,*F/
DATA DASH/61%’=*/
OPEN(UNIT=4,DEVICE=*DSK®,FILE=’ TAP,OUT")

F=1,%

WRITE(1,10)

FORMAT(3X, ' FREQUENCY® ,5X, “DECM(60)¢,6X, *HEX(60)*,6X,
1*SPEED(DEC)*,6X, * SPEED (HEX) */)

- I=sl

J=1

P=F+0,.5

SP=30, 0%F
T60=21,0/(F¥6,0)
DECM=T60%511,67E+03
FIND HEXA EQUIVALENT TQ DECM NUMBER
Ni=IFIX(DECM)
P1=FLOAT(NL)
X1=p1/16,0
Mi=IFIXC(X1)
Yi=FLOAT(M1)
Ql=X1-Y1.

X=Q1%16,0

N=IFIX(X)

N=N+1

ACI)=H(N)
IF(1,EQs4) GD TO 40
I=1+1

Pi=Y1

GO TO 30
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APPENDIX V _
03800 C FIND HEXA EQUIVALENT TO SPEED OF SYNCHRONDUS MOTOR
03900 40 N2sIFIX(SP)
04000 50 X2=5P/16,0
04100 M2=IFIX(X2)
04200 12=FLOAT(12)
04300 Q2=X2=Y2
04400 Y=Q2%16,0
04500 MEIFIX(Y)
04600 M=+ 1
04700 BCJ)=H(M)
04800 IF(J.EQ.4) GO TO 60
04900 J=J+1
05000 sp=y2’
05100 G0 TO 50 |
05200 60 WRITE(L,70) F,N1,A(4),A(3),A(2),AC1),N2,B(4),B(3),B(2),
05300 1B(4)
05400 70 FORMAT(5X,F5,2,9X,16,8X,4A1,10X,15,10X,4A1)
05500 WRITE(1,80) DASH
05600 80 FORMAT(6X,61A1)
05700 IF(F.EQ.60,0) GO TO 90
05800 GU TO 20
05900 90 STOP

06000 ‘ END
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