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/BSTRACT

A variable speed ac drive is now found to be most
suitable with line commutated inverter system. Therefore,
in this dissertation this scheme has been used for the |
feluotance motor drive to experimentally investigate the
performance of the system., In this scheme 3~phase uncontro-
11éd rectifier bridge in co@binatioﬁ*%ith\a 3=-phase auto=-
transformer conVerts fixed frequency and voltage a.c.
supply into variable dece, voltage which is then fed to
inverter bridge operating in line commutation mode. Ter-
minal voltage sensing method has been adopted to realisge
fhe comnutation of thyristors and terminal capacitors have
been used to supply the lagging reactive power needed for motor

and inverter.

Mn analysis is alsc made on the basis of a developed
enalytical model, In corder to obtain analytical results, .
computation with the help of computer has also been done,

In experimentation and computation the steady state performance
6f the system has been investigated. The starting methods have
also been discussed. Tﬁe performance of the system under
varied conditions are observed which are elaborated. On

the basié of the experimental as well as computed results,

the systaﬂ's feasibility is predicted, The effoct of variation
of d.cs link voltage V; and terminal capacitor C on speed
control over a wide range has been observed. The validity

of the analytical approach is also established by comparing

the computational results with experimental ones.,



NOMENCLATURE

.. The full meanings of the symbols used in the present‘

 work are listed below in detail -~ -

Capacitance .
Peak value of phase voltage

per unit frequency

motor current under loaded condition

no load motor current

. inverter current

deColink current

nunber of phases

power factors of motor and inverter respectively

motor input and output'power respectively

maxinmum output power of motor

no load losses of the motor
armmature resistance per phase of the motor

torque

a;C. side inverter voltage per phase

decs link voltage |

P;d'reacfance of‘éépacitor at base frequency
direcf-éxis reactance of the motor
qgadrature ~axis reactance of the motor
firing angle

inverter angle of advance



max

“m

Power factor ongle

lbad angle for any cutput power
load angle for maximum output power
overall system efficiency

motor efficiency

vi



CONTENTS

PAGE NO -

Candidate's Declaration ( i)
Acknowledgements - (ii)
Abstract . (iv)
Nomenclature ' (v)
\PTER=-L INTRODUCTION 1
1.1 General ' '.1
l.2 Literature Survey ' _ 6
1.3 Scope of Present Work 11
\PTER-II DEVELOPMENT OF THE SCHEME 14
2.1 Introduction ' - 14
242 Principle of Operation 14
2.3 Starting Method of the Motor . 15
2.4 Description of System with '
Design Features E : 18
2e5 Results and Discussion ‘ ' 25
246 Conclusions 25
APTER~LII EXPERIMENTAL INVESTIGATIONS
ON STEADY STATE PERFORMANCE
OF THE SYSTEM 27
3.1 Introduction 27
3.2 Experimental Set Up ' : : 28
3.3 Experimentation 28
34+ Results and Discussions . . 29
3.5 Conclusions : ' Bl
QPT‘TR_IV STEADY STATE ANALYSIS OF THE :
SYSTEM ) 36
4.1 Introduction . | %
4.2 Analytical Model . ' 37

4,3 Computation of Performance
‘ Characteristics and Their Experlmental
Verification 43



L,4 Discussions on Results

[t 45 ‘Conclusions

CHAPTER - V CONCLUSIONS AND SUGGESTIONS
FOR FURTHER WORK

5+1 Main Conclusions

5.2 Suggestions for Further Work

BLBLILOGRAPHY

45
48

50
50
52



CHAPTER = T

INTRODUCTTION

1.1 General

The d.c. machines are now being replaced by their a.o.
counterparts in industrial applications due to number of
advantages found in the latter. In spite of this fact, the
d.c. machines, until recently, was an attraction and choice
as they can serve the purpose of speed control over a wide
range. The problem associated with the mechanical commuta-
tor- brush arrangemént in dece machines is that it limits
the ammature current rating and consequently the poWer out=
put. It is costlier, requife regular maintenence and also

not suitsble in dusty and explosive environments.

The inﬂn&mﬁonaml&wdpmwmtofpwmfswd_
conductor devices and their application for speed control
of ac motors has brought significant changes in the conCept
of drives;-Moreover, the ac motors themselves have some
excellent merits eeg+ ruggedness, simplicity, low cost etc.
in case of induction motor and constant spced operation with
high power factor etc, in case of synchronous motors. The
investigation of current source inverter fed induction motor
were resulted in the first ac motor drive which enhanced all
the superior pfoperties of ac motor, Fof some applioations,
ac drives usmng inverter fed synchronous machines provides
precise 51mu1taneous speed control as well as oonstancy of

speed.



A though a.cemotor has number of adventages inclu-
ding lower cost in comparison with d.c., moters. But the
design and manufacture of solid-state variable speed a.cC.
drive is expensive and complex as compared to that for the
dec. motor, The operation of control equipment is also

complicated for a.c. drives,

In the fanily of a.ce. motors, the reluctance motor
“has attracted attention of researchers El~8} for some app-
lications because it provides perfectly constant speed like
synchronous motor while maintaining tThe robustness similar
' to cage induction motor, The reluctance motor is driven by
reaction torque due to pole saliency aﬁd runs at synchfohous
speed. 1T requires no de.c, excitation and is pulled into
:synohronism automatically. They are cheap,robust and reliable.
Because of'this feature, the reluctance motor has its apb—
lication in glass, fiber, pulp and peper industries, for
Precision control-of machine tools,'positioning the cbntrol
rods of neuclear reactors and drives for textile machinery
which are completely synchronised under veriable speed
operéting conditions [1,2], Moreover, with the development
of modern solid~state power supplies the demand for varisble

speed synchronous drives has increased manifold.

A solid state a.c, drive consists of a power conver-
sion unit and control circuitry. Power conversion may either
of single stage conversion or of two stages of conversion of

voltage and frequency. Of the different types of conversion
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techniques the only applicable for reluctance motor is
frequency control, In variéble frequency operation, the
motor teminal voltage is also proportionally changed fo
maihtain the necessary alr-gap fluxX. This»can be achieved .
either in single stage such as in cycloconverter or in
two stages i.e. independent'voltage and frequencybcontrol

such as in d.c. link inverters [9-16],

A cycloconverter con%erts fixed frequency ae.c. power
supply tc a variable vcltage and ffequency in single‘step
conversion process, Due to0 natural commutation, the opera-
tion of cycloconverter is reliqble and it alsé has the
- Inherent capability of regencration, However, the cutput
contains complex hamonic pattern and it has inherently
low power factor of supply and limited frequency range (up
to maximum one third of supply freqﬁency). It also requires
the large number of components and their complicated control

circuitary.

D.Celink inverters are two stage conversion schemes,
first converting ﬁma frequency input to controlled d.c.
voltage, which is further ccnverted to produce variable
frequency supply for the motor, This de.c. link inverters
are of three types=~

(1) Voltage Source Inverter (VSI)

(ii) Current Source Inverter  (CSI)

(iii) Line Comautated Inverter (LCI)
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The voltage source inverters merely changes line voltagé
and frequency tc an adjustable veoltage and frequency which
is applied to the notor, The VSIs ére of two catageries~
square wave inverters and pulse width nodulated (PWM)
inverters. The formar has an undesirable effect- the vol-
tage wafes have large mmber of lower order harmonics which
mnay résult in high machine hcating at low speed and torque
bulsations. The PWM inverters have less hamonics but
‘inverter efficiency is reduced due to higher rate of commu-
tation. The control circuit and commutation are also complex
resulting in higher ccst, However for low to medium power
applications, these commutation»circuits can be avoided if
the thyristors are rcplaced by power transistors, GTI0
thyristors or power MOSFET [16]. These inverters are suited

in that case for group drive épplications;

In a current ssurce inverter, a regulated d.c. link
current is maintained through a bridge recfifier and d.c.
link filter choke. The attractive featurcs like simplicity,
greater controllability and regencrative capability obtain-
able in this method together with case of protection are
now widely recogniscd, By limiting the d.c. current % a
safe value the inverter componcnts are prevented from expe-
rienoiﬁg excessive current and thus remains'safe. The
commutation losses are less than that in VSIs and ifs comnu~
tation is fail safe [17,18]. It has alsc been observed that
a wide range of speced control can be ochieved and regene-

ration is possible with CSI,



The line commutation is the simplest among all the
conmutation methods, The DProcess of'fransferfing current
from one conducting thyrister to the next, in a rectifier
bridge, oocuréfnaturally and automatically in an a.c. sys-
tem when the"ahode potential of thejincoming SCR is more
than that of the conducting SCR, This sequential commuta~
tion obtained naturally from a.ce line voltages easily
supersedes expensive forced-commutation method. The scheme
requires no extra connutating components and the firingA

circult is comparatively simpler.
It is, therefore, possible to overcome some of the

drawbacks asscciated with cycloconverter and d.c. link
forced commutated inverters by using the line comnutated
inverter . (ICI). The absence cf the forced commutation makes
the operations of LCIL simple, reliable, efficient and cost
effective. It requires simple trigger scheme [11,19] and
low cgst'Converter grade SCRs may be used. Becausé of the
important features of LCI, it has been exploited by large
number of investigators for variable frecuency operation of
synchronous motor [20=30] and induction motors [31-34],

The LCI fed synchronous motor sysfem is also called d.c.

comnutatorless motor and provides the characteristics like
dece shunt and series motors., A need is, therefore, felt
’to exploit the advantages of LCIL for the development of

an alternative variable frequency source tc control the
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speed of a robust gnd brushless systén a.c; synchronous
motor. With thié view, an attempt is made in this inves-
tigation to design and develop a d.c. link line oommﬁta-

ted inverter for a reluctance motor drive.:

1,2 Literature Survey

Alongwith the improvements in semiconductor thy-
ristor technology, the numerous efforts have been made and
are still being made to investigate its successful appli- -
cations to variable spéed a.d. motor drives [35~37].'More-
over,’wifh-soiid state modules, the-demandvfpr Variable
speed synchfonous drives has increased tremendously, The
reluctance motors are being widely used for the Purpose
beéause they offer the-pogsibility of precise speed control,

- position control and-also synchronisation between individual

drive points in multimotor applications. A large number of
attempts are made on the design, developnént, Theory and
analysis, of reluctance motors [1-8] to imprdve their star-

ting and steady-state performance.

Ugzate [1] studied the characteristics of solid rotor
three pha;é reluctance motors and fbund that if short cir-
cuit windings are attached to saiient poles it increases tﬁe
motor torque over entire slip range and increases the puil—in
torque., He also cohcluded that a solid rotofvreluctanoe motor

With short circuit winding is sufficiently practicel.



Lawrension and Agu [2] made an attempt to improve the
performance of reluctance motor in terms of powerifactof
and outpuﬁ torque to make them attractive as constant speed
drives.They found that to achieve high output torque and
power faotor.it is necessary for the dirccteaxis reactance
to be made as large as possible whilst the quadrature-axis
reactance be made as small as poSsible, M.H,Nagrial and
P,J.Lawrenson [3] have studied both the asynchronous and
synchronous aspects of performance of reluctance machine
together to attempt to predict optimum parameter combina-
tions, for an overall optimum design with optimum asyn-
chrenous and synchrdnous performance., P.Jd.Lawrenson and

S .K.Gupta [4] developed a segnental type rotor construc-
tion of reluctance motor in which complaxity of design was
.avoided and saliency ratic was increased to such a level

. that utilisation in practice is possible, Mohsmadien,

Hasan and Osheiba [5] improved the design of motor without
any need of extra cage windings, Starting in this case is
vaohieved by virtue of the induced currents in the rotor
solid body. Housinger [6,7] innovated a simple but clegent
method to find out the direct and quadrature-axis reactances
and losses of reluctance motor by no-lcad and load tests,
where the parameters being'a function of supply voltage (and
frequency). Later on he derived eguations, to describe the
steady state performmances of reluctance machines, from

phasor diagrams with the help of paramcters - Xd’ X
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armature resigtance T and no-load loss_Uezato and tjeda [8]
obs erved relatioﬁ that exisfs between the performance of a
s0lid rotor reluctance with its parameters. They investiga-
ted the effect of parancter changes on the performance of
the motor, essentially to be considersd while designing the
motor, They found that'steady-state stability of small solid
rotor three phase reluctance motor is‘effected'by the changes

in machine parameters.

In the light of its speeific applications described
earlier in this cheapter, the reluctance motor' s characteris-
tics which were utiliscd in these applications are adaptibility
to position or Speed control or a combination of both, using
variable frequency or switched supplies, together with the
~capacity to deliVer full torqﬁe at all Speéds. These charac-
téristics are extraencly valuable and it must be considered
' partioularly in vi e of the developuents in the field of
static freqﬁency changers, so that the use of reluctance
machines for different applications may Be nade simple and

cost effective,

Exhaustive literature survey on variable speed a.c,. .
motof drives reveals that lot of research work have been
done on this subject. Since in recent past, synchronous
notor operating with LCI has attracted wide attention and
quite a large number of efforts have been made tc find its

feasibility and applications, It is alsc used to control



the speed of case inducter notors L31-35],

K.Phillips [17] observed that with voltage source
inverter, unusual load variations,'can and often do, push
the induction motor to its breakdown point or causes re-
generation;to occur in the inverter by overhauling' the
motor and in eifher case, resulting in untimely shﬁtdown
or damage tc the motor or inverter. He found that current
source inverter gives this drive a rugged nature, Slenon,
Dewan and Wilson [18] showed that CSI féd sy nchronous
motor drives provide some feature that make them preferable
to CSI fed induction motor drives., They also found‘that the
former is free fromrthe instability or sponténeous"oscilla~'
tion which characterize voltage fed synchronous mdtor at
low voltage: and froquency.FVenkataraﬁan and Ramaswani [20]
have discussed genecralised inverter fed synchronous motor
drive and concluded that when the motor termminal - voltages
are tc be used for commutation cf inverters,the currents
in phascs lead the corresponding voltages§ Hence the field
has tc be sufficiently excited sd that even for maximum
expected lcad on motor, the motor cperates at ieading power
factor. Williamson, Issa and Makky [21] established the
advantéges of naturgl—commutation over forcgd ccmmutation,
They alsc preferred rctor position sensor scheme to refer-
enced a.c. terminal voltage for getting firing signal to
- control the inverters. Since, according to them, this aveids

the problems associated with wide frequency variation and
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"high hamonic contents. Cornell and Novbtny L22] hévé
successfully explored the method of comutation of Thy- |
ristcrs by armature ihducedfvcltage cf a synchronous moter
instead of rotor position sensor at higher speeds. They
oﬁse?&éd that this type of .ccmmutation is possible as
long as power factér angle is a lead angle and is greater |
than the commutation angle, Le-Huy, Jakabonicz and Perret
[23] have implemented, This technique in a microcomputer
based system. Davoine, Perrct and Le-Huy [24] madé an
effort to dGVeiop scre schanes of'commutation by armaturé
induced voltage at the time of starting and’at very iow
speeds. Rangandhachari ct al [25,26] suggested a variable
frequendy scheme where line comautated inverter acts in
“combination with synchronous motor (called commutatorless
motcr) as a source of variable frequency for induction
motor. They concluded ﬁhat though the systen is expensive
but it works satisfactorily and vcltage and current wave-
forms are free from hamonics and thus brings in reduction
in motor heating and twrgue pulsations. Ajay Kumgr et al
[27] has obtained the d.c, series mctor characteristics
from LCI fed synchronous motors Rosa [29] developed very
systenetic methcd tww detemine the necessary ratings and -
utiliZation of power circuit components in a machine ccmmu;
tated inverter-synchronous motor drive. Kotacka et al [36]
has analysed the transient performance of self controlled

synchronous motor. Walson [31,32], Singh et al [33] ang
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S.Seong et al [34] have used the LCI to fesd cage induc-
tion motor for its variable spoed operation and they rea~
lised the need of lagging recactive power scurce for the

system which was provided by terminal capacitcrs.,

1.3 Sooge of Present Work

From extensive and thorough survey of literatures
published sc far it is apparent that LCI fed synchronoys

motor has éatisfactory steady state perfcmance and there~
fore may be a suitable choice as variable speed drive. Quite
‘a handful efforts have been made on either LCI fed only
induction motor [31-34] or.combination-of induction and
synchronous motor [25-26], Till now nc research work, at all,
has been reported on LCI fed reluctande motor, though it is
not very much different from other manbers in the family
"of a.c. ﬁotors. On the contrary its relationship is closer
to both synchroncus and induction motcrs. In view of its
some advantages and specific applications briefly discussed
earlier in this chapter, it was felt necessary to go into
detail investigations of variable specd operaticn of reluc-
tance motor fed from a line commutated inverter.

The investiéations are carried out to study the steady
state performance ¢f a line comutated inverter fed 3-phase
reluctance motors In this scheme a variable d.c. source for

feeding the active power to LCL is obtained using a combination
of an sutotransformer with uncentrolled bridge rectifier from a
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three phase fixed frequency and fixed voltage a.c. supply.

-The reactive power requirencnt of the motor and LCI is met

by obnnecting the capacitor bank at motor terminals,

The objective cf the proposed werk can be summerised

as follows =

(1)

(i1)

(iii)

(iv)

(v)

To develop a firing schémé with a view to realize

the operation of the * 3-phase thyristor bridge for
LCI mode,

To develop an analytical model for the analysis of

L |
- system performancas

To measure thé Xd, Xq paraneters and no¥load losses .
cf the machine as a function of applied vbltage and
fféquéncy to be used in the analysis for both no-lcad

and loaded conditions of the motor.

To compute the perfomance of the drive on digital.
computer using developed model and suitable numerical
technique and to comipare the computed results with the

experimental ones to verify the validity of the proposed

: | approach.,

To study the effect of systen paranetérs like d.c.

link vcltage, teminal capaciter i‘o'r cbtaining wide

~ range of speed control of the drives
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Outline of Chapterse.

fpong the chapters followed, principle of operation ’
details of experimental set up and starting methods are
described in Chapter II, Thorcugh experimenftal investiga—~
tions, the steady state performance of system is studied
in Chapter-Ill. Analysis of performmance ¢f the system
and comparison between experimental and analytical results
aré given in IVth chapter, In the last chapter the main
~conclusions are enlisted and suggestions for further work
are alsc proposed. The details of machines and ICs used
and the listing of daveleped computer prograns are given

in the Appendices.



CHAPTER =~ IT

DEVELOPMENT OF THE SCHEME

2el Introduction

A detailed and stepwise developnent of the schame
1s discussed here with a view to realise the objective,
- The essential components of the schene are mainly two-the
~ Power circuit and firing circuit of the line commutated
inverter. The latter was designed in such a way that the
commutation of thyristors in the power circuit is possible
with the help of back'emf'of the motor connected to the
output of the inverter., The firing angle range may be con-
trolled between 90° to 180° to obtain inversion mode of
operation. The firing scheme elaboratgd here uses cosine
wave crossing technigque to generate firing pulses. The
system is not a self~starting one, Therefore it has to be
started with some auxiliary means. So as a Part of principles
of operation of the schane, a detail description of starting
method is given here, The performance of firing circuit

with the feasibility of LCI operation is also presented.

242 Principle of Operation

Block  diagram of the system used in this inVestigag
'tion is shown in Fig. 2.1ls The systen consists of three
phase autotransformer, an uncontrolled 3~phase bridge rectifier,
a d.c. link filter choje2, line commutating inverter, three-

phase capacitor bank and three phase reluctance motor coupled



CHAPTER ~ II

DEVELOPMENT OF THE SCHEME

2,1 Introduction

Comg s

A detailed and stepwise developnent of the scheme
is discussed here with a view To realise the objective,
. The essential components of the schene are mainly two-the
~ power circuit and firing circuit of the line commutated
inverter., The latter was designed in such a way that the
commutation of thyristors in the power circuit is possible
with the help of back'emf'of the motor connected to the
output of the inverter., The firing angle range may be con-
troiled between 90° to 180° to obtain inversion mode of
operation. The firing scheme elaborated here uses cosine
wave crossing technique to generate firing pulses., The
system is not a self~-starting one. Therefore it has 1o be
started with some auxiliary means. So as a part of pfinciples
of operation of the schane, a detail description of starting
method is given here. The performance of firing circuit

with the feasibility of LCI operation is also presented.

242 Principle of Operation

Block  diagram of the systan used in this investigaf
'tion is shown in Fige. 2.1, The system oonsisfs of three
phase autetransformer, an uncontrolled 3-phase bridge rectifier,
a d.c. link filter chojes, line commutating inverter, three-

phase capacitor bank and three phase reluctance motor coupled
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with a dsc. motor. The machine termminals are also connec-
ted to three pPhase supply through a switch for starting the
System. The three phase auto transformer . together with uncon-
trolled rectifier provides‘variable voltage d.c. to feed the
LCI. The full power ¢ircuit is shown in Fig. 2.2. The funo-
tion of the.d.p.‘link inductor is to smeothout the 1link
'current ripples. The flow of power to the motor in LCT mode
of operation can be controlled by adjusting_the d.c. link.
voltage and the inverter delay angle. The reluctance motor
unlike synchronous motor, cannot be run under leading power
factor., Hence the essential need of lagging reactive power
for inverter andithé reluctancé motor is provided by the
capacitor bank connected at the motor torminals, Motor tépf
minal voltages are sensed with a voltage sensor to generate
firing pulses for firing the thyristors of the inverter bridge.
The frequency output of motor or speed of reluctance motor ”
may be controlled by varying d.c. link voltage, value of

terminal capacitor and the inverter firing angle.

2+3% Starting Method of The Motor

As the terminsl voltage sensing scheme has been
opted for firing the thyristors it is evident that at stand
still condition of motor, the generated emf of the motor is
not present tb genefate triggering pulsés; SCRs will not
‘conduct resﬁlting in non=-flow of energy from d.c. side to
a.c.side.oi the inverter. As a result motor cannct be

\
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stqrted. The shunt cabacitor bank supplies the required
lagging rcactive power when there is the presence of the
induced voltages of the_relupﬁance motor across its tenninals;
So'if the motor is pulled into step tc provide megnetigzation
as well as to develop sufficlent back enf. at the terminals
of LCL to commutate the thyristors then active power can
~.flow from the d.ﬁ;,side{ With the help of this real power and‘/

the reactive powér coming from the capacitor bank, the system

starts working.

Two methods can be adopted to accmnpliéh starting of

the motor,

2431 Starting from Three Phase Supply

Aé shown in the block diagram of Fig. 2.1 normal
3-phase supply is given tc motor through a switch. Capacitor
renains oonnected—to.the motor terminals but the inverter
reanains isolated; The motor is brought to synchronous speed
and the irnverter terminals are now comnected to motor termi-
nals. Generated'terminal voltages are by thié time become
sufficientvto produce’ the firing pulses. Gradually, the power
is pashed from the de.c. side of the inverter. At certain stage
depending upon thé-adjustable AeCe supply to the machine
terminalé it is possible tc force the power from d.c. Sidé
to a.c. side of the inverfer; if.all the line currents are
same and étable it confirms line commutation alongwith sequen-

tial ccmmutation of SCRs as desired. Now the a.c. supply is
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cut off from the machine teminals. The motor remains
continue to run stably with LCI at self adjusted
frequency and its no load losses are fed from the d.c.

link through inverter,

2¢342 Starting by a,Qqupigg,D.G.Motq;

Block diagram of Fige 241 shows a deC. motor cou-
pled to theAreluCtanbe notors shaft, The latter is brought
to a suitale speed with the help of d.c., machine acting
as a motor and appropriaﬁe capacitors being connected to the
terminal of the reluctance machine to work as self excited

generator,

- Inverter terminals arc now éonnected to the machine
Terminals and firing pulses-are thereby generzted by the
induced enf of reluctance machine. Active power being supplied

" by the dscs machine 1s gradually reduced as active power from
the de.c. side cf the inverter is increased graduslly. When
commutation takes place properly power from the d.c. side éf
the inVertér is fed to the feluctance nachine and its operation
gradually éhanges from generating to motoring mode. Then the

deCe supply from the dece machine is disconnected.

As a matter of fact the d.ce. machine coupled to the
reluctance motor serves dual purposes. Apart from being an
alternate method of starting where its acts as a motor{ it is

also used to load of the reluctance metor when it acts as a
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generator, The d.c. voltage genefated from deCoe maéhine

can be applied to a suitable load.

2.4 Description of System With Design Features

The diagram of full powér circuit is shown in Fig,2.2.
. It consists of one uncontrolled diode bridge and one contro-
1led thyristor bridge, The design principle of each of thenm
ié~disoussed first and then the design df firing circuit is

given in detail.

2.4.1 Sclection of Rating of Power Circuit Components

(1) Uncontrolled diode bridge rectifier -
The input to the three~phasc diode bridge is
considered to be 400V line tc line.50 Hz a.c,
The veltage ratiné of the diodes‘afe expressed,
in termg of peak inverse voltage appearing across
then, Thus if the maximum line voltage is 400V, then
‘peak inverse voltage (PIV) across eech diode is

T

PIV = “g“ Vdo
where, 3/2"
Vao = Vi
3/2 x 40O
= = 540,22
y
S PIV = 566 volts.

/

Keeping safety factor of 2 te cnable then to withstand |

sufficient transient oversho.t, diodes with 1200 PIV rating
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has been taken for use. The motor current rating is 2.64,
so under no circumstances, the active load current as well
as dec. link current could have been allowed to eXceed 5A,
With a safty margin 2,'it would have Been sﬁffioient to
take dicdes of 10A rating; Due to eaéy availability of its
range the diodes of 1200V, 164 rating are used.
(ii) Three Phase LCI bridge -

The'vdltage, current and power rating of the SCRs
of this bridge depend on the corresponding rating of the -
reluctance motof it has to supply. The machine uééd for this
work is 0,5KW motor with 400 V line-tc-line supply.lSo the
PIV as calculated in case of diodes is 566V, With a safety
factor of 2, the nearest suitable and availeble 1200 PIV
rating was taken; The current rating of the motor is 2.6A.
Seldom the motor currcnt wes alldwed,to exceed this limit .
and even then for very brief duration. Taking the séfty factor
intc aéécunt to withstand transient inrush, rating 1ike 104 |
would have been suffiéient for the thyristors. Again due to
easy.availdbility of réting of its range. 1200V, 16A rating
SCRs were,ﬁsed, Neccssary snubber circuits were alsc pro-

vided for (dv/dt) protection of SCRs.

2,442, Design and Develoment of Firing Circuit

(1) Basic principle of firing scheme =

Among the thyristors shown in Fig, 2.2.
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Tl, T2 and T3 are called positive group of thyristors
beoausevthey conduct when the a.c, phase Vpltages
become positive, while Tq, T6 and T, are called nega-
tive group pf thyristors as they conduct when the
supply phase veltages ére negative. The inverter
cperation is to be achieved with a delay angle in

the range cf 90° to 180° end this has to be materia-
lised with the firing circuit, Six thyristors T4 te Tg

are to be fired sequentially at an interval cf 60° in

one cycle of a.c. wave, In éach interval a pair of
thyristors.cne from pésitive group, the other from the
negative group of the ramaining two phases,‘conduot.
Table 2.1 shows these ccmbination ¢f thyristors aleong
with firing sequence, So it is apparent that each
thyristor is conducting for 120° duration and is turned
OFF when the next thyristor of the same group in sequence
is gated. Thus the necessery frequeacy of the gate pulse
is six timesvthe supply frequency. The 1ihe to neutral
and- line to line wave~foms are shown in F;g. 2.3 and
2.4'respectively. The reference pcint of the firing
angle (o) can be obtained either from the cross over
point of the phases or the zero crossing'péint of the
line voltages, From the Fig. 2.4, when:VRY is é positive
maxinun 1,e. ot = 9OO, Tl and T6 are conducting and

output voltage VO= VRY' When VRY is at negative maximum,
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then T3 and Tq_are conducting, giving output veoltage
V. == Vgy at ot = é—’é"- . Similarly, for cther line
voltages, the appropriate pairs tc conduct at parti-

cular'time as it is shown in Table 2.2,

From the waveshape of phase voltages'it is
apparent that cach phase voltage is more positive
than the other two for a period of 1200, whidh is the
intérval ofltwo'crossover points of two phasé voitage
wavefoms. An uncontrolled diode in Place of SCR starts
conduction from this point ti, where'mt=.300 and
conducts upto. ;t = 15OOQ So in case of a thyristor
this poinﬁ tl is the feferenoe point of 'thyristor
Tl'and accordingly the other points fof remaining thy-

ristors.

In a three phase fully contrclled converter the
relation between d.ce input and asce output or vice-

versa (depending upon the mode of cperation) is

"given by )
3/3
Vdc = e %ﬂ cos o
n 4.

where E is the maximum value of phase to neutral
'Voltagé and « is the firing angle of the thyristors. So
it is apparent from the relation that as o exceeds 900,

d
If a d.c, source of proper polarity is Present, power

v c becomes negative resulting an inverter operation,

will flow from the d.c. to the a.c. side.
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(ii) Details of firing circuit

" The block diagran‘df the firing circuit is-shown
in Fig. 235&. The aneforms'cofresponding'fo,different
sthges are shown in Figs 2,5b. The schane consists of
three step down trensformers, comparators, monostable
_-multivibrator, dR gate and pulse amplifier blocks.
The completé circuit diagram is shown ih}Fig, 2.6.’
Description lof function of each stages are detailed

be]-OWo ‘

Stepdown transformer

To generate the firing pulses thé motor teminal

' voltége sensing scheme is adopted. Since the terminal
voltages are always‘at much higher level, it is essen-

" tially necéssary to bring it down to a lower level to.
vmake combatible to the digifal ICs used in firing circuits.
For this purpose thfee stepdown tfansfonners.of 400/6~0=6V
(i.e, with center tapped ‘secondary) are fabricaféd.'The |

| primary windings are comeccted in delta and are supplied
by the generated terminal volteges at the mechine terminals.

- 8ix secondary teminals are so arranged as to get six
chamels of firing pulses for six thjristors. Ali.oenter
tappings ére grounded and are comected to the system

grounds .
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Comparator
The comparator circuit is made of operational

amplifier IC 741, Qutput of the six secondary terminals
- of the Step-dowﬁ tranéformer are given to.the non-
inverting termminals of cach comparator. Thisva.é. output
is to be comPared with a d.c. refercnce voltage given

to the inverting teminals of camparators. The output
-voltage and frequency at the machine terminals and hence
at secondaries of the stepdown transformer are not
constaht. Therefore'it is not possible to obtain the
same firing angle o with a constant d.c.'referenceA"
volfaée while the frequency and magnefude of the a.é.
voltage are changing, Thus to prevent « from changing
with frequency varidtions, the d.c. reference voltage
was generated from tThe termihal voltage of secondary of
transformers itself. This is done by rectifying the

QeCoe output'voltages of the secondaries of the step

down transformer, The comparator compares the a,c,
voltage and the dece reference voltage which generate

rectangular waveformss, ,

Monostable multivibrator

The negative part of the rectangular wave cycle
is Then Bypassed using reverse diode comected to the
ground. The emplitude level of the (positive portion)

wave is then reduced to half, i.e. closer to 5V to maké
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it compatible for the IC74121 being used here‘as the mono=
shot. The monoshot produces an output pulse of 0.5 méec.
duration using negotive edge ITriggering to produce delay
angle 90° to 180° necessary fér Laverter operatioh. The
elements R and C of the pﬁlse forming circult are seleoted'

as 8.2 K olm and 0.1 pF respcctively.
OR gate

The output of each-monoshot is at a phase difference
60° with thé adjaceﬁt ones éorresponding to its original a.c,
wave, As %dlﬂwmsmristOCMMmtfmﬁQ&)mﬁithwim
be gated twice at the interval of 60%. So each pulse is com-
bined by the OR gate with th:vpﬁlSe 60° ahead of it., The pulse
following the main pulse is called the slave pulse. Quad

IC 7432 two input OR gate is used for this purpose,

Power amplifier

The pulses gencrated by the monoshot and then coming
out of the OR gate usually don't have sufficient strength to
turn the SRs ON. Therefore, thesé pulses need to be ampli-
fied by an amplifier stage._Transistor SL 100 is used here
for this anpiific;tion Purpose. The gate and cathode terminals
of the SCRs are at higher potential of power cifcuit, There¥
fore, the éontrol circuit nced to be isolated from those.
Pulse transformers are used for this burpoéé. A diode'INAOOl

is connected across tne primary of the transformer to avoid
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saturation. Another diode is connected iﬁ ser: es with the
secondary to block negative pulses. The gate is protected
against over voltage by connecting a diode across gate to

cathode,

The detail pin diagrams of different ICs used and

the truth table‘(where necessary) are given in Appéndix ~A,

245 Results_and Discussion

.

The proposed power and firing oifoﬁits have been
fewricated ahd tested for LCIL fed reluctance motor syétem.
The corresponding wavefofms at different_points of the firing
cireuit are recorded using nmultichannel storage CRO and are
shown in Fig. 2.7g. The waveforms are found to be identical
with the theoritical ones shown in Fig;Z;Sb. The operation of
the scheme has been found to be quite steble when control
. voltage and operating freguency are varied simultaneously.
The voltage waveforms at the output of the LCI are shown in
Fig. 2.7b,'Because of small commutation overlap, fhe voltage
'waveférms at motor terminals are found sinusoidal as'méy‘be

visualised from the Fig. 2.7Db.

2.6 Conciusiong

Starting with the block diagram of the system, The
detail description, development and design of the system has
been given, The system is not a self-starting one and hence

starting methods have been discussed with sufficient
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importance. The indispensibility of the use of terminal
capacitors has alsc been explained. Necessary protective

measures have also been taken to save the costly companents,

JIn designing the firing circuit; efforts have been
taken to use less number of components resulting in reduc-
tion of cost and space for the firing circuit. Each thy-
ristor was tested individuelly with the firing circuit
before going to actusl operation, The schene has been
found to work satisfactorily in LCI mode of operation.

It is also observed from recorded oscillﬁgrams of signals
at variaus stages of firing circuit that those are identical
: fo the expected theoritioél ones; It is c:ncluded that the

develcoped LCL system provides the pure a.c. sinusoidal
variable frequency source for speed control of reluctance

motor.



CHAPTER - III

EXPERIMENTAL, INVESTIGATIONS ON STEADY~STATE

PERFORMANCE OF THE SYSTEM

3.1 Introduction

Exhaustive literature survey reveals that no work
has, so far Wween done on LCI fed reluctance motor., Lot of
efforts- have been made in case of LCI fed synchronous motor
with analog as well as micfoprécessor based control scheme.
In addition to steady state performance analysis, transient
and dynamic performances of an LCL fed synchronous motor
have been investigated. But the reluctance motor combines
éome of the advantages of both induction and synchronous
motor. So, here, an investigation'is made fo observe its
potentiality and feasibility as a varisble speed drive
using LCI., The steady state performmance of LCI fed reluc—

tance motor drive is studied,

The experimental invéstigations are méde pertaining
to the steady sfate performance of drive under no load and
loaded conditions, In LCI fed operation, the speed of the
reluctance motor can be varied by varying términal capacitance,
dec. link voltage ond the delay angle of firing, « of LCI.
The effeo‘lﬁ of the value of terminal capacitor and dc link
voltage is only studied to obtéin wide\range control of the

drive.
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3.2 Experimentel Set Up

Fig. B.l.shéws The detail set up for expefhnenté4
tion as well as for starting, provisSion was made in such
a way that the d.c. machine, if used for starting, can
later on bé used as the load for the load test of the drive,
D.C. voltmeter and ammeters are placed in the d.c.link,
Three asce. ammeters of identicai rating and scale are
placed on inverter output terminalé. A three-phase
wattmeter Qas placéd at the machine terminals to record
The power input to the machine, Voltmeter was placed
across the madhine teminals. Ammeters are also Placed to
record the ﬁachine line current and capacitor current,
D.Co.voltmeter was placed accross the load of the d.c.
machine and ammeter was Placed in series with the load,
The lamp load and variable resistors combinatién is
taken as the load. Seperately excited field of the d.c.
machine was supplied by the de.c. supply keeping a VaridbleA

resistance in series with the field.

3.3 Experimentation

Experimentations aré'done for both no-load_and‘
1oaded conditions of the drive. In no load test, the
terminal capacitance and d.cCa link'vdltagé are varied for
a wide range of speed contrel of -motor,. A desorefely

variable capacitor bank was used, whose range of
|
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variation was from 10 uF o 80 pF and variation of 10 pF
was made. Though the d.c. link voltage may be varied con~
tinuously, but it was varied from 100 V to 440 volts, with
an interval of 20V, The motor Currént was a restricting
factor which did not permit higher d.c. 1ihk voltage for

‘higher capacitences. First a particular dapaoiténoe was
kept fixed and the d.c. link voltage was faried. The
higher range being restricted by motor current, the lower
range was tried unti;lthe comnutation failure. The capa~ .

citance is then changed and. the process was repeated.

For load tests, four combinationsof capaéitance and
d.c. link voltage were chosen in different speed ranges.
These were selected in such a way that in each case the
machine operates at rated flux condition. The field of the
d.c. machine was exéited from the d,o. mains and the machine
was run as a geherator. With load variation, the excitation
of the d.c. field was keptconstant.Tﬁis was done with the
help of a variable resistance placed in series with the
field, The relucteance motor used for the experimeht isvof'
power rating 0.5KW, the dgtaiis of the reluctance and d°°f'

machine ig given in Appendix - Be

3.4  Results and Discussions

The various test results of LCI fed reluctance motor
drive are shown in Fig. 3.3 to 3.5. The following salient



. 30

features may be observed from the results,

(1)

(ii)

Fig., 3.3a shows the curves of speed versus capaci-
tance for different values of dec. link voltages.
Those curves indicéte the effect of changing-the
capacitance on speéd'variation. As capacitance is
decreased the‘épegd rises while dice link voltage
was kept fixed;‘It is alsé apparent thaf higher
dece link voltage canﬁot be obtained due to limita~
tion from the motor current, The pattern of curves

also indicates that the rate of incresse of speed

is more with smaller values of capacitance i,e., in

higher speed rang= with lower capacitance value and

the sensitivity is also higher,

The effect éf variation of d.c. liﬁk voltage on

the speed for various values of teminal capacitors

as shown in Fig. 3,3b. The speed of the motor is seen
to be increasing aquite linearly with the increase in
dec. link voltage., The rate of increase also appears

to be almost identical with différcnt sett_ings of capa-
oitanceé. At higher values of capacitances the higher
d.c link voltage is not cbtainable, While on the

other hand with lower capacitances operation is not .
possible with very lowér values of d. ce link voltage,

This was a limitation from commutation failure.
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wae?er, the importanf aspect found from the
ho;load operation is that by Varying capacitanoé and.
daCoe 1ink voltage, Very wide range of speed varia-
tion can be obtaineds The range of speed control wes
obtained from 26 pércent,to 100 percent or from 13 Hz
to 50 Hz in tems of frequency., Considering the nature
of responses cf the speed to the change of de.c. link
voltage and Qépacitanoe Tthe operation and control of

speed at higher region can better be done by changing

the value of capacitor. At lower speeds, the d.c. link

voltage can be adjusted properly. One interesting
feature also comes out, that there is the reduced
requirement of capacitance at higher speeds, thus

reducing the effective cost c¢f the system,

Under loaded condition ,the torque-speced characteristics
are shown in Fig, 3.4a for different conditions of
capacitance and d«¢. link voltage. IT is observed that

there is almost no change in speed with the variation

"of load. It was also dbserved that for a particular

‘combination of dwc. link voltage and capacitance the

no-load speed is also very close to the speed under

loaded conditions, With low d,c. link voltage and higher

' capacitance the speed obtained at no=load is in the

lower range, It is evident from tho curves that with



capacitance, C ( HF ) —-

90y | PLOT] Va olts) |
80} - 100
0 160
T 220
60r 260
50 300
Lol 400
440,
3-0’ _ T A
10} ‘

0 . S . .

200. 400 600 800 1000 1200 1400
speed (Frpm) ——

FI6.33a VARIATION OF SPEED WITH CAPAC!TANCE AT NO LOAD.

440y

400

320}

Vd (volts) — o
- |
(@D)

10 :

| 20 |

| I 30 '
88 50
' 80

0 . . N N .
200 400 600 800 . 1000 1200 1400 1600
speed (rpm) ——

FI16.3:3b VARIATION OF DC LlNKVOLTAGE (Va) WITH SPEED
AT NO LOAD



3 UJ 4
k) ,
55l | PLOT Va - C fue)
| N | b 11 1180 120
o ; | E | 2 |20 70
20 | 1 3 |3%0] 30
T ¢ 3 4L | 400] 20
,gw' .
Z‘ .
" o
S 10t $ ' I
i
2 | il
05} ) 0
)

200 400 600 800 1000 1200 1400
spee (rpm) —

F1G.3:4a. TORQUE-SPEED CHAHACTERISTICS OF LCE FED

RELUCTANC] MG oR.

25-5x' Xy >6A_;§“1?J“‘a S =0
A o0—O0—0—0 -O——O——O——O0—0— —0
20 PLOTf Va { C Motor current Im |
‘ 1 4 400; 20
=~ 5 1340} 30
£ 15 ¥6;_1160129
s |
< 38
T 10 Invertor current II
= |
. PLOT| W |C
05l T 1400120
2 | 340(30
3 | 220170
0 . . . N N - . .

0-8 09 10 11 12 13 14 15 1|6
| Ie (Amp) ———

F16.3:4b.VARIATION OF MOTOR AND INVERTER CURRENI WITH
NC TINK fHRRENT



Q
®

@
D
B A

FPower factor —
(e ]
I~

=
~)

Motor poWerA factor Pgm . [ ) ’3:40‘ 3’033

V509 10 T 2 13 14 15 18
F16.35a. VARIATION OF INVERTOR AND MOTOR POWER FACTOR WITH
D.C. LINK CURRENT ,

"PLOT | V4 ‘C ’Ylm-vMOT‘O‘F efficiency
n;ﬁ]”ls- D 'W\S-’System ef ficiency
1 |2 400l 0] | ‘

4 [30] 30

80}

D
(@)
(T8
I~

N

Efficiency % —

8 . 09 W 12 3 14 15 16
. Id (Amp) —s |

FIG.3-5b. VARIAFION OF MOTOR AND SYSTEM EFFICIENCY WATH
D C LINK CURRENT.



32

lower‘speéd( output as well as torque linit is also 1ow.'
On the other hand with high dc. link voltage and low exci-
tation capacitance resulting the operation in higher speed
range, It can, however, be inforred that for most of the
purposes, the LCI feed reluctance motor can bevtreated as

constant gpeed drivéw

(iv) Keeping the capacitance and d.b. link véltage fixed

.it is ébserved that the métor current remains almost constant
or falls slightly as load increases, and the d.c. link current
is increased. Fig. 3.4b shows the motor current and inVertef
current versus the dsé; link current characteristics., The
inverter current appeafs tc be increasingllinearly with the
increase of d.c. link current, It is likely that as the |
reluctance motor was run under saturated conditions, the
variation of load has negligible effect on the mbtgr current,
The rates inverter.éurrent_increaée are seen to be almost
same for three different conditions and'islnot dependent upon
the operation in particular torque speed range. It will also

. be clear from the Fig. 3.5a,where inverter power factor
characteristics are shown.

(v) The inverter and motor power factor versus d.c. link
current curves are shown in Fig. 3.5a. IT has been observed
that inverter power factor is very highsboth at no load and
1oaded.conditionéﬂuiit also does not change appreciably with‘

load. In fact trends show slight increase with increase in

BN
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load. This is a reason for the inverter current increase
lineariy with the d.c, link current. The reason for the
power factor toc be very high (near unity) is that delay
angle is close to’iBOO resulting in little reactive power

requirement by the inverter,

The motor power factor is very low at no lbad and
incfeases linearly with load with different combinaticons
if d.c; link voltage and capacitance it was observed that
~The power factor =nd its rate of increase are almoét iden~

Tical in zall cases.

(vi) The efficiency of the motor and the overall system
are shown in Fig. 3.5b. The motor efficiency rises with
increased loads on motor. It was also cbserved that the rate of
increase falls‘at higher loads, The discrepancy of between
systemland motor efficiency may be attributed due to losses
in the inverter and capacitor bank, The riée of efficiency
is due to constant 1ssses of the motor from no load to

loaded condition caused by constant stator current and
" constant flux level in the machine. The motor as well as

system efficiencies decreases with reduced d.c. link voltage

and higher capacitance.

(vii) Fige 3.6 shows waveforms of the dsCe link voltage

and link current for both no load and ioaded condition of’
motor for two different Qombination of decs link voltage and
terminal capacitance. It is.observed that both the voltage
and curréﬁf contain ripplés and therefore not perfect d.c.

as desired,
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In Fig., 3.7sthe oscillograms of the inverter and
motor voltgge and current waveforms are shown for no loéd
as well as load with the same combination of d.c. link

voltage and capacitances Though the voltage waveforms are
found to be almost perfectly sinusoidel and free from har-

monicse The inverter current waveforms contain logt of
harmonlcs. Unlike the inverter current wavcforms’the motor
current waveforms are nearly sinusoidal though contain
‘1ittle harmonics and improves with loads Small notches
conforming the seguential Qommutation of six thyristors

' may also be observed from the voltage waveforms,

Fig, 3.8 shows the voltage waveform along with
capacitor current for no load and loaded éondition. The
capacitor current appears to be almost sinusoidal having
1ittle harmonics, In all the cases it was observed that
'thére is no appreciable Change in the waveform pattern

from no-=-load to load,

3¢5 Conclusions

The performance of the system has been experimentally
studied extensively for both no-load and loaded conditions,
The varisble frequency (or speed) operation of the motor is
quite satisfactory under no load condition and covers from
very low (25 percent) to ncar synchronous (10 percent)
speed., Even higher speed range above synchronous may be

obtained either by increasing the d.c. link voltage or the .
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©FIG. 3,7 VOLTAGE AND CURRBNT WiVEFURIS OF (a) INWERLER,

(b) HOTOR (i) AT 10 LoAD | (ii) AL'LOAD

(C: 70 LIF, Vd = ZZUV, N = 615 RPM)
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FIG. 3.8(b)

FIG. 3.8 VOLTAGE AND CURRENT OF CAFACITOR
a(i) AT HO LOAD a(ii) AT LCaD (C =70 uF, W, =220 V)

b.ATNOLOAD(C:BOuF,Vd=34OV)
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: oapacitance.\ln_the loaded condition to get higher forque
.énd thé torque~speéd characteristics at: higher speed‘ranée,
the d.c; link voltage has to be increased simultaneously
decreasing the capacitances It is very clear that at T
higher speed range the system is Very.sensitive to the
oapaoitanoe; So it is better to fary the capacitance for
‘speed control in higher_ﬁpeed range and the control dece

link voltage in lower speed range of the proposed drive,



CHAPTER = IV

SIEADY STATE ANALYSTS OF THE SYSTHM

4.1 Ln%roduction

The line commutated irnverter has now become widely
recognised for variable speed ac motor drive, From the
experimental investigatiohs of this LCI fed reluctance
motor systém it is observed that the steady state perfqr—r
mance of the system is quite satisfactory. However it is
also interesting to observe the analytical performance of

the system on the basis of a theoritical model,

Here an effort has been made to develop the sfeady
state analysis of the system. The mode of the system has been
developed on the basis of various parameters of,the reluctance
motor [6~8] and an equivaleht circuit approach of the Sys-—
teﬁ has been adbpted; A generalised model is developed for
both no load and loaded conditions of motof; For no 1oadv
condition the effect of change of the parameter-d.c. link
.voltage and terminal capaciltance, on the variation.of speed
is studied. For the purpose of comparing the computed results
with that from experimen%étion, wide range of variations
of capacitance and dece. link voltage is considered, Ih the
analysis of ;oaded condition the suitable combinations of
capacitances and d.c. link voltages are teken., A computer
algorithm of the analytical expressions is developed and
final oompufation is done with the help of main frame
’computer. Computed resqlts ére plotted alongwith experimental

ones to compare and validate developed algorithm,
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L,2 ANALYTICAL MODEL

The following simplifying assumptions are taken
before developing the model, |
(1) The forward drop of thyristors and their losses

are neglected,

(1i) The overlap angle is neglected.
(1ii)The time and space harmonics are ignored.

(iv) Losses in the capacitor bank are taken to be negligible.

Fig, 4,1 shows the equivalent circuit of the system at
any per unit operating frequency F, In this the varioﬁs expre-
ssions are developed in tems of direct end quadrature axis

reactances (dexq) and amature resistance (ra), of the

. machine, B _ _ /

For a given d.c. link voltage V4 and inverter firing
angle d. The a.c, side inverter voltage Per phase Vp may be
expressed in the following wéy

nvd |
Vp = 3 T o0 ¢ ere(4.1)
where B = ( 180°-a) and is known as the inverter angle of
advances In this analysis, for a given value of capacitance @,
‘and d.c. link voltage Vg the Der unit frequency F is the
unknown variable to be determined. Subscaquently the actual

frequency (and alsoSPeed) can be found out by multiplying
with the base freguency.
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To obtain an expression for this purbose the active
and reactive power belance equations of the whole system
are taken, The equivalent circult of the system is shown in

Fig. 4.1,

Active Power Balance

Power supplied by the inverter
where, V is the per phase voltage at mctor Terminals.
This is equal to power inpaut to the motor [8].

Therefore,
' o (% %) S }
VI, cos B = smmmemmmme (X =X ) sin 2 +2r
1~ 2 d g a
2 +
' (XdXQ.ra) :
) 00(4.2)

where, m is the number of phases.

S-is the load angle

Reactive Power Balance

Reactive power rcduired by the invefter for 'its
operation
Q =VIq sin §
Reactive power required by the machine and load

Qm =m VL sin ¢
where,
@ is the power factor angle.

and "I is the ammabure current.

nVeF

Reactive power. supplicd by thc capacitor = m——
C
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Where XC is the capacitive reactance at base freauency,

Then the rcactive power balance equation can be wri tten

as
mVoF
—— = VI sin § +m VI sin @
X 2 |
' mvV-F
or VI, sin B = ==gr—===-— =~ mVI sin ¢ veo (4.3)
1 XC
The power factor of the machine can be given by the
expression,
P
Jos ¢ = '—’;—'
mVI

From this on simplifications?

oo mosyL .-;g_u.m-m

VT sin @ =/ (aVI)2- PJZ:

" which when substituted in (4=3) gives

mng /“ 5 5
VIisin B = eaa (mVI)“~ PF veo(bots)
The armature current I can be expressed as
v | s o Sy2 S 2 12
T ==§;Ff:%2 {(Xq.cos - r_ sin ) + (XdSln +T, C08 3}
qa a .
ee o (4a5)
Now using (4.2) and (4.5) equation (4.4) can be written as
2
mV“F 2
. mV . 2
VIi.sin B = —= [ (% BERE 6~f sin $)+
1 XC qu+r2

) 2 1 . ~ 2:
+(Xd51n 8+ra cos &)= ﬂ{(ngxq)sln 26+2ra} ]1/2
'..(4.6)
Dividing (4.6) by (4.2) and after simplification % beconmes

as



F(Xqu+r ) =0.5%_ ten pa(x ) sin 26 .xcra tan B

- X [(X cos éara sin 8)2+(X sin 6+ra cos %)2

4{(X X ) sin 26 +2r } ]l/2

XYY (4.7)
The load angle 5 is related to the powexr output, Py in

the . following way

mVZ(ngxq
P = Z(deqfri)z {(Xd; ~T ) sin 26 + r (X g+ ) cos 2 §
- ra(_Xd-XO) } - P .. (4.8)

To solve for § at specified power (PO) the above equation

may be further simplified as

PO= Al cos 26 +Azsin 28 - A3 Then it can be written as

Po =Al¥ cos Z(érdax“ 8) - AB_

Where gﬂak is the load angle corresponding maximum
output power i.e. pull-out power and may be defined as
‘ 1 o
S = 045 tan™ (Ay/A7) PN
Then for any output power P Re the load angle §bR{may

be calculated from the axpression

60R. = 6max —O.5 COS—'l {(PQR.+ AB)/AL{_} -..([4-.10)

where the parameters Ay b, AB’ Ay and A5 are

2
Ay = As Xgq X - s )
RO - B
and V= (X =X )

Ar =
57 (X 42 )
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For no-load condition POR=O, then 60R= 60'and
can be simplified as
- '
6, = 6max =0.5 cos™" (Az/4y) | ...(l&;.lz)
Having obtained 60 in terms of Xdixqfrg’PL and Po’ it is
now evident from eQuation (447) that it contains only unknown

variable F alongwith these parameters,

 Let some nondimensional parameters be defined as

- the ratios,.
Ky =xd/xq; KR=ra/Xq', K, = xclxq e (4,13)
Equation (4.7) can be normalised by dividing the

entire equation by the factor Xéf Having done this and

with the help of (4.13), equation (4.7) now becomes

Fo(F)=A, = A = - A =0 ’ e oo (4.14)

N AFl F, AF5 F), | |
where,

AF:L;F(KX+'K§)

A;2 =K [(cos 6 = Kp sin 6)2+(szin 5 +p cos §)%

- % {(Kx"l) sin 28 4 ZKR}2]1/2
. AF3

= 0.5 K, tan B (K ~1) sin 2§

The power factor can also be expressed with the help of
(4.13).

(K.~1) sin 29 - 2K
Cos ¢ = X

[2{(K§~l)+2KR(KX-1)Sin 26-(K§~1)cosv25+2(K§+1)}j122

veo (4.15)
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Before going for the sclution of (4.,14), the various
no load loss ..

parametersixd} Xq? T, @mi L of the test machine have to

be found out. The aimature resgistance r, was measured by casy
way} The method, described by Honsinger {6,7], to determine

the Xd, X parameters and 1, are used here, According to

q .
that theory'xd.can be measured from nc~load test

)

i <

xd=/ (’—I‘L ¥ o veo(b.16)

a
O

i

o)
where V is the voltage applicd to motcr per phase,

and Io is the no load current,

From load test

Z ::% where I is the mctor current when loaded.
Then R = 2 cos ¢ and X = Z sin ¢
where ¢ - is the power factor of tThe load

Xq: is given by

v 2
(LX) = Be 1)
X = d a/ L i([+.17)

4 - 2 -
L1+ g;(g;Z ~2R)]Adfx
where,
Wo
g.:
1 mVZ |
nd W, =P, - nm I2 r
a o L T % 45 ta
where
PL = no load losses

The parancters X ;, X, and P are then determined for various

g

-

supply voltages. The computer progran for this calculation

is shown in Appendix Cq. The paraneters are then plotted
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as a function c¢f V/F and shown in Fig. 4.,2. The oharécteris—
tics are approximately linearized for simplicity's sake. Then

each oanvbe~éxpressed as an equation df straight line,
B, ~ (V/F)

el

X =0 =~ (V/F) : oo (4.18)
1™ %y CKz o |

e
i

d

Le3  Computation of Performance Characteristics and '

Thelr - Bxperimental Verification

It now becomes apparent that with all parameters known,
the only unknown variable in equation (4.14) is F, the per "
unit frequency. The parameters Xd'and.Xq_are frequency depen~
dent quantities, Earlier they were measured at the supply
frequency. So now they nc.d to be multiplied by the per unit
frequency ¥, After decing this (4:314) becomes a non-linear -
‘aMmMﬂce@aﬁm1mngpMymmkﬂofF.ﬂmm&&esgmﬁﬂ
techniques to solve this equation (i.e. solve for F) for

certain given values of dec. link voltage Vd’ capacitance C

and inverter firing angle os The approach adopted here is the
single variable optinmization technique to compute the value of
F.

The solution is carried out for both no load and loaded
condl tions, the optimization technique remaining the same.
The no load sclution ig the simplified form of that with lqad

when sinplified § of (4.12) is used instead of (4.10). The
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method requires an initial guess value of F. Since the
sdlved value of F is to be elways positive and usually
supposed to be not more than unity, an arbitrary value

in this range is téken as the initial guess value. In
single variable optimization the whole expression to the
left hand side of equaticn (4.14) (may be called the func-

tion) is minimized,

An initial large arbitrary value for the function
and suitable step length were chosen, The method is an
iterative one. Depending upon whether converging or not
after each iterétion,vthe size and direction 0f the step length

is changed,

The iterative process continues Wll either convergence
criterion is satisfied or number of iteration exceeds a
predefined number, The flow chart for the developed program
is shown in Fig. 4.3, and the developed Programs in Appendines

Gy and Gy

Computation is carried out for no-~load and loaded
conditions, For no load conditions de Coa link voltage and
termninal capacitors are the parameters which are varied to
Observe their effect on the variation of speed for a wide
range. All computational results for no load are pPlotted in
Fig. L.l For loaded conditions the computation is carried
out for two suitable combinations of decCo 1link voltage and

terninal capacitor., The different characteristics from the
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-Toad test has been plotted in Fig. 4.5 and 4.6. 411

the computed results are plotted by sclid lines.

BExperimentation is aléo carried for the purpose of
comparing the computed resulté with experimental ones. For
this purposé, in the no ioad tests the parameters- d.c,
link voltage and éapacitor are varied identically as
- that is done in case of cqnpufation. The results from
exPeriments are also plotted in Fig. bob with dotted
lines. Tests for loaded condition are carried out with
the saﬁe combinétions of dece link vcltege and terminagl
capacitor. For the purpose of compa:iSon the characteristics
found from experiments are shown alongwith the computed ones |
in Fige 445 and 4.6 with testvpoints and dotted lines, In |
both cemputation and experimentation the inverter firing

angle o is always kept fixed,

hoh  Discussicns on Results

The computed results arc shown in Fig, 4.4 to 4.6,
For both no load and:loaded conditions the exPerimental
results are also.plotted alongwith the cbmputed one in eéch{
case. The following features become evident after comparing .

these two results.

(i) TFig. 3.4a shows the no load characteristics of
speed versus capacitance with d.c, link voltage as
the parameter. In all the cases it is observed that the

d.cy link voltage has more =ffect on speed in computed
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results, than in experimental results. Though the
patterns of both set of curves is almost same. In
1ower'capaoitor ranges the computed speeds are obser-
ved to be more sensitive than what they are for experi-
mental results. As a whole it can be said that computed

| results are differing from expérbnental results though
their pattern remains the same, |

(ii) Figﬂ”a‘&ﬁ shows the variation of speed with the

variation of d,c. link voltage for different values of
capacitor as the parameter, Here also it is observed
that for the same d.c. link voltage higher speeds are
obtained from the computed results than that from the
experimental oness Spéed is also foﬁnd,to be more
sensitive in lower capaoitahce values as found in
earlier case, The patte:ns of both the cxperimental
and computed curves are identicale The reasons which
result in such discrepancy betwecen the experimental and
computedlresults are that the harmonics found.in d.c,
link voltage and ripples in de.c, link current as well
as losses in the inverter are ignored in the development.

of ‘the model.

(iii)In Fig. 4.5a computed torque specd characterigtics
under loaded conditions of the motor are shown along
with their corresponding experimentsl ones. The

combinations of capacitance and de.c, link voltage are



(iv)

by

taken for both computation and experimentation.
While the experimental results show aimost conétant
speed irrespective of load variations, it is found
that the computated spceds are slighfly int_:rv'easingv
with the increasc of torque., The omnputed cherac~
teristics maintains .almost 1inearity.as observed

in experimental curves,

For loadéd conditions. the motor current versus the

Ad;c; link current for two combinations of capacitor -
andAd.c.'link voltage are shown in Fig. 4.5b alongwith
the corresponding_exp&rhnental characteristics, The
experinental as well as computed motor currents are
almost constant with the change of d;c. linkicurrent.
Thdugh'the computed values are at a lower side and
the.curves show slight increasing trend, The deviations
of the computed results from the experimental ones
observed in the above cases can be eﬁplained by the

following reasonss

First, as &iscussed in first twovcases of 1o load
characteristics, the affects of harmonics and losSes
are ignoréd. In addition to these, in experimental load
tests, the machine was always run under oomplete
saturation and the flux level are maintained for that
operation. But the same saturation and flux level are

not maintained in the operation of the motor when
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taken for both computation and experimentation.
Whilevthe experimental results show almost oonétant
speed irrespective of load variations, it is found
that the computated speeds are slighfly ingfeasing
with the increasc of torque, The computed charac~
teristics maintains almost linearity.as observed

in experimental curvess.

For loaded conditions: the motor current versus the

d;c; link current for two combinations of capacitor
and.d.c. link voltage are shown in Fig. 4.5b alongwith
the oorresponding_experhnental characteristics, The
experinental as well as computed motor currents are
almost constant with the change of d.cs link.current.
Though the computed values are at a lower side and

the curves show slight increasing trend. The deviations
of the computed results from the experimental ones
observed in the above casesg can be explained by the

following reasonss

First, as discussed in first two.cases of no load
characteristics, the effects of harmonics and losses
are ignored. In addition tc these, in experimental load
tests, the machine wes always run under complete
gaturation and the flux level arce maintained for that
operation. But the sane saturation and flux level are

not maintained in the operation of the motor when
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computation was dona, Extrg effect of stray load and
other losses may come intc picture due to this reascns
The ultimate effect of 211 this factors migﬁt have
caused such discrepancy between exporimental and oom;

puted results, .

(v) The efficiencies versus dec. link current are shown
in Fig, 3.6a under load condition., Both ccmputed and
experimental results-ére slown.‘ They are founé to
be‘very close and the trends of the curves are almost
. same l.e. with increése in dec. link current efficiencies

are found tc be increasing.

(vi) The motor power factor versus d.c. link current are
shown in Fig. 3Q6b; The power factor, in computed résults,
are found to be highie~ than what observed in experiments.
But the trends in both the cases are 2lmost same i.e,

they are increasing lincarly with d.c. link current,

4.5 Conclusions

A complete study of the performance of the LCI-
reluétance motor system has becn made on the basis of analy-
tiodl modcl; Systematic and advenced approach has béen taken
to develop the theory of the analysis. In the developed tech-
nique for the nc load and loaded conditions ¢f the motor
exact equivalent circuit of the system has been considered.
Mgorithm and computer program was devcloped on the basis of

single variable optimization technique and the method is found
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suitable to compute the no load and luad performance

in termms of speed, torque, efficiency, power factor and
currents for different values of dece link vcltage and
terminal capacitancee. The computed results are then
compared with the experimental ones and they are found

to be almost identical, The developed analytibal technique
and cemputer brograﬂ require less COm;utatioﬁ time and
require smail mémory space of the computer, Therefore, it
can be ccncluded on the basis of experimental and computed
results that the perfomance of LCL fed reluctance motor

system is quite satisfactory.
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GONGLUSIONS /ND SUGGESTIONS FOR FURTHER WORK

5.1 Main Conclusions

Feeling the necessity to explore the feasibility
and‘potentiality of variable speed reluctance motor drive
to‘be'realised using line commutated inverter, Tthig
investigation was undertaken. In order to achieve the
objective the whole scheme was designed, fabricated and
tested. The performance of motor with this system is then
investigated experimentally for wide range of speed control,
An analytical model of the system has been déveloped in
terms of machine parameters, The performance of the syétan
has been computed using the developed model and single
variable optimization for different values terminal capa-
éitor and dece Link voltege at no load as well as loqdedi
conditions of motor. From the computed results and test
results the following conclusions on this investigation

may be summarised as follows,

(i) The developed firing circuit and power circuit of

| the scheme have been found satisfactory to achieve
desiréd operation, The recorded wavefo;ms.at di fferent
points of the circult have been cbserved identical with

theoritical ones,

630
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Fron the experiment al investigations it is observed

that the systgm operates very stably at no load as well

as loaded conditions of the mnotor,

(iii) From the results obtained it is concluded that wide

(iv)

(v)

range of speed variation can be achieved for no load

‘and loaded conditions of motor by varying the d.c.

link voltage and termingl capacitor,

An interesting featufe bf the Syst@n has been obser-

-ved That the speed remains remains almost constant

irrespective of load variations and thus it results
the constant flux operation over wide‘Speed range at

different loads:

The compubed results at no load and loaded conditions
of motor reseables with the corresponding experimental
ones, which confimms the validity of the developed

analytical appfoach..

The system is cheap and simple variable speed drive

and therefore supposed to be suitable for various applications.

So 1t can be concluded that a very efficient scheme for

variable speed reluctance motor drive has been developed

which has sufficient - oapsbility and points to a new

horiéontal of potentielity in the field of drives for

industrial applicatiohs.
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52 Suggestions Fer Further Work

A though the basic objective of dissertation has
been fulfilled éatisfacfarily; the term iend.'never exists
if rescarch work, partic.larly in the field of technology,
Certain problems and limitations are cbservad during the
course of investigations which necessitate that further
investigations with same or different line éf approach
can be done for further enhancement, In the 1light of this
the following proposals regarding scope of further work
are listed below. \ | B
(1) The system is not self-starting for any desired

speed. Hence it is very important to develop suitable

starting technique to be incorporated with the system
so that the system can be started and run at any
desiréd frequency.,
(i1). To sclve the developed analytical model different
nunerical apprcach may be adopteds Accurate model
may be developed by teking into account the factors

which are neglected here,

(iii) More care and effort can be taken tec eliminate the
the harmeonics and ripples found in d.ce. link voltage
and current respectively,

(iv) The work has becn done cn the systen in open loop
nanner, However, for fast response and better

controllability and stability, the closed loop
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ilncorporating both specd control and current control

can be designed for this LCT systenm,

Only stcady -state stebility has been investigated,

Therefore, the area of studying the transient and

dynanic conditions of operations need to be attemp-

(vi)

ted.

In the presént”System, analog control scheme has‘beén
used, A microprocessor based control technique may be
attempted for improvament of systaﬁ perfcrmance

in tenns'of flekibility and gase of operation and

faster respense,
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(vi)

53
incorporating beth speed control and current control
can be designed for this LCL system.

Only steady =-state stability has been investigated,

Therefore, the area of\studying_the transient and

~dynamic conditions of operations need to be attemp-

teds

In the presént”systan, analog control scheme hag beén
used, A micrcprocessor based control technique may be
attempted for improvement of systeﬁ Performance

in terns of flexibility and ease of operation and

faster response,
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APPENDIX =~ B

DETATLS AND PARAMETERS OF THE MACHINE USED

1.

Detail Ratings of the Machines
(1) Reluctance Motor: 0.5 KW, 230V, 2,54

. Star Connected, 4 pole, 50 Hz, 50 Hz.

(ii) D.C.Machine coupled to the R.M: 1.0 H.P,,
220/30 V, 4,64, 1450 xpm., '

Parameters of Machine

Armature resistance per phase of the reluctance
motor r_ = 6oLl Olm.

Armature resistance of the d.c., machine = 5.31 ohms.
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PERFLREANCE OF RELUCTANCE MOTOR WITH LOAD
¥8=400/1.73
ATB=2,5

23=VE/ALR

1=20¢,
FAT=22./7.
BEPARI*RL/LE

DO 12 TVD=120,240,20

70.0 5 ¥L=220.0

C=30.0 7 VD=340.0
nago1? 1P0=10,3006,10
PO=TPO=-10

pF=pry

FER=10000.0

K2=0 ;K3=0

LC=(10,%%6) / (2. kPRLRCREDR)
YEspATRYD/ (3¥COS{RYIXRSQRT(6.))
=VpP/VR

=0,3

K=0

VE=YR/E

FEK+]

TF (VP.GT.204,) GO TO 25
BRLI=38B3433 ;7 BK2=1.333
XD=BKLI-BK2FYVE

G0 36

1?(vr.1T.270q) GO TO 26
BE3I=290.,77 ; BKA=,923
D=pK3~BRAXVE

GO oo 36

KD=40,

PAGE:



Q3800
03g00
04000
04100
Q4200
04300
GRAOD
04500

04600
04700
044900
DEOGD
05100
03200
05300
Q540¢
G5500
UJL)J(!
05700

5800

ru

054900

oo

85100 1

0RA00
(06300
G4400
DR500
00a0g
06700
36500
Ca90n
Q7000
G7100
07200

b

~2
w2
s
L

)
S
>
o

3&

[92)
it

56
46

—
(92}

17

APPENDIX €3
KOl =w#XD
IF (VF,GT.200.) GO T0 55
Cl1=163.39 ;CK2=,537
XA=0K1=CR2ZRYI
GO ro 46
IE (VE.GL.260,) G T0 56
CX3=123,5 7 CR4=0.4375
YA=CR3I~CRAFVE
GUOTO 46

MEN=XDL/7Xal
ERSRA/ZXQL
ARC=XC/XQ1
IF (VF L. 195,)60 T0
A1==548,27% ; AK2:3,

—
i

h
3
o

FOOVELLTL.80,.) GO 70 17

.P J:Sr) e

ASZ I AYPRR25 (XD 1-AQL) /(2. % (XD
Ai=RA*AS*(XDl+XGlJ
AZ2=ASF(HDIFXQ1I~RA%XXY)
AJELSXRAY
AA=SGRTCALFX 240 7%%))
LMz ¥ ATANCAZ2/A1)

(AD1=X01)+21,

PAGE: 2

FLQLARARED IRRD)

POM=I JAVERF 25 (XD1-XQ1)* ((XD1IFXAL-RAFF2 ) %

ISINC2.FDLMYPRAR (XD I+XGL)*COS(

20D1-XGL) /(2% (XD1RXQ1L+RAKR2 ) ¥

PE(POLGT.POMY GO Tu 200

PLEDLH~a S¥ACOS ((PO+AZ) /B4)
DLLSDLM= . 5¥AT
113)))

AF =P (AKKHAKRR%2)

2. FDLM)

=RA¥(
2)=PL

TANC(SQRT (A45F%24 (PO+A3)¥%2) /(P04
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10500
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200

300

20

PAGE: 3
APPENDIX C3 :

AF2=AKCHFSART((COS(DL) ~AKRYSIN (DL) )¥%2+ (AKX*SIN (DL) +AKR

1¥COS(DL) ) F%2=  25% ((AKX=1)%SIN(2.%DL)+2, #AKR) *%2)
AF3= . SEAKCH (STH(B)/COS (B) Y (AKX~1)%SIN (2. ¥DL)
AFA=AKCKAKR® (STN(B)/COSCR)Y)
FESAF]«AF2=AF3=AF4 ,
PRINT 30, FF,I",XD1,XQ1,DL,PL,%C
FORMAT (/2X,7(F11.4,2X)/7)
IE(ABS(FI) .GELFBB) GO T0 200
DLB=DI
FBB=ARS (FI)
. P
EE AN

-
e

il

S ]

2]

oot

)
K3=K3+1

G0 TO 300

DEF==0 . 5%DF

K2=K2+1

F:FFB+hF

IF(K,GT.500) GO TO 20

IF(ABS(FBB).LT,.01) CO TO 20

¢o TO 22

F1=FFR¥FB

F=FFD

XO1=F¥XD ; %Q1=F*XQ

MI=30,%F1 |

PI=3, ¥VPRH2H ((XD1~XQL)HSIN (2. #DLB)+2 o ¥RAY/ (2. % (XD LEXQL+RA
J5%2)) |

7230, %P0/ (PATXAN)

BRINT 9,C,VD,VP,VF,FFB,FBB,FL,%XC,AN,T
FORMAT(///,10(F943,2X)/)
BATNT*,K,K2,K3,F,FF,DF,PL, XD, X0, PQH,B1

PR (AKK=1)#STH (2. ¥DLB)+2 . ¥AKR)/ |

LSQRT(2% ( (AKX%¥2=1, ) +2 . KAKR¥ (AKX =1 4 ) ESIN (2, %DLB) ~
2 CRKXRK2m 1, )RCOS (2, ¥DLB) +2 % (AKR¥%2+1,)))
ALCESQRT (3. ) ¥VPXE/XC

AID=PI/VD

ATH=PT/ (3. %VP*PF)

EFF=PU/PT |

P~
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1L200 PETAT LL,ATD,ALC, ALM, DL, 0L, DLL P, PF, POLEFF

11300 1 FORAATC/LY,10(F8,.3,1X)//)

—
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