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- At present, var,ious' modulation techniques are in

'-use for PWM inv'ertérs in ac motor Jdrives. This thesis is

devoted to the- analysis and implementation ' of a newly

s

proposed modulation technique for inverter operation. The -

$
' technique known as delta modulation, has been used previously
.in voice transmission. .In. inverter applications. analog

~ o

implementation of DM has several distinct advantages over

other’ modulation techniques. 'I"hese are easy implementation,

-:

inherent V/f ratio control, low order harmonic attenuation

‘,'and easy harmonic ‘and commutation controls.- '

s

In this 'thesis, the delta . modulation technique as

the applied for inverter switc‘hing wavefprms generation is

analyzed. A Fourier analysis of the delta modulated ‘anerter

-output has been carried \%ut in order to study the harmonic

— &

_behaviour of the inverter output. ’I‘he analytical results

confirms the advantageous features of the delta modulation

technique.' Practical implementation ‘of the -modulation

" process . for inverter opez‘ations was realized and the results

obtained in analytical studies were verified for a single

_phase bridge inverter. . . IR

'Loading characteristics of a single phase delta

\ X
modulated inverter were studied under aifferent types of

-

assive and __dy,namic loads. - The passive loads wgre resistive.

L " ‘ . v . ' . ! h . * ’ .
and R-L loads. . The dynamic loads were single.phase induction.
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loading characteristics.' -

A modulation .and a ‘logic ¢ircuit were designed and

L4

. implempnted for a three phase inverter mﬂitching. : 'The;

implementation winvolved the design and construction of a

o

ot
f

“b modulation circuit and the 1ogic circ&dts for generation o£
[y N
Py proper .switching wEveforms of the three phase inverter

/

: switches. s " .
W \
- ,pr0poeed delta modulation technique and conventionally used

. sine PWM -technique. Several suggestions have been put

motors. Theoretical results _are veriﬁied experimentally for

diu three phase sine rééerence wave gensrator,‘ a three 'phase !

A A'comparison has .been mAde in the etudy between the -

\\E . ' e e :
; forward for the further study. T . — : L
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CHAPTER 1

2

-
-

o <. ¢
. 4This chapter 'is devoted to an inic'_roduction to

. inverters and their applications to ac motor drives. The
’ A . o

RN T 7T

: advances in power electronics made it possible to introduce

. various typee of invex{tere in motor driVes. 'I'he two basic .

types are the voltage source inverter and the current eource'

3

inverr_er. According to the need of the applications, various -
control.s and modificatione are\incorporated in the basic'

’ c:.rcpite. One of the most versatile control techniques 1s )

the- pulse width" modulation. (PWM) 'technique. . Presently

!

motors. The aim of the 'present work is a detailed analysie -

and the implementad:ion of a newly proposed delta modulation

-tec'hnique for inverters for ac, motor. drives.-. 'I'h_is _chapter,

particular. - oo o ; ewe

1.1 Introduction' _ . E R

ac of* arbitrary frequency and phaee..' More e'pe'cifical'ly,

these .are used typically in drive systems - to provide power-'_

for adjuetaple frequency. ac mdtore, to regenerate energy back
I . ~.

to ac line .from decelerating de motors, nnd to pump rotor.
. e ',. .

power l?ack to the ac line from wound'rotor induction motors.

[

various s PyM techniques ‘are in use for: inverters to drive’

reviews the silicoq contro‘ll'-rectifier (SCR) inverters - in-’

Inverters are used .to transfer .energy' from dc to an .

. . .. e ———
' - :
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In non drive systems, thes"e are nsed to supply
uninterruptible ac power .to computers and .to convert energy:’
‘between ac and dc at the terminal of high voltage de power
transmission 1ine. In large motor drive s'y'stems, inverters
4 emp{oy thyristors -as controlled switching -gates to form the
desired ac waveform. Inverters are also used for standby .
power supplies and for induction heat:.ng. o

' Various types~of. inverter circuits have been""
.developed 3Q far, the variatic\: were introduced by - the

requirements of- load and cost ‘effettiveness’ of inverters. In

» ' most inverters, it is necessary to control output voltage and | 47'

PO freqnency. As the 1nverter output is usually nonsinuso:Ldal |
harmonic red_uction schemes are” also desired.

‘ In solid state inverters, both- transistorized and -

thyristor circuits are used. Thyristor (SCR) circuits take

- > .
——— e

precetience where high'power' is inyolved. However, other

(.

thi_ngs be‘ing'equal, there’ is a gengral preference }or the use

of transistore. .' This is primarily because -therei is no
commutations . in the transistor circuits. SCR circuits

> : ’ . . . .
,5““) perform well wherever commutation c¢an be successfully

implemented and maintained. ‘At present SCRs have greater

apowerrhandling capabilityJ and find wide applications in .
. : ‘inverters of high power ratings. However, this may change

) eventually with the .evolution of high -power- transistors in _ ' i
' . Y .

' the. future. Because, of the pi‘e,eent SCR.capability of higher '

e n S
e
-

.

g = ot e el




operation because of its restrictions of

~

1-3

power handling, . most inverters and converters for K drive
systems use the thyristors as the main controlling elementé
Inverter applications are wide and " increasing. in

all types -of. applications. ', In fact, semiconductor devices
. . . [\ .

.have their greatest impact in the electric'power industry,

E

especially on the technolo@y of electric motor driVes. Theee
led to the ‘widespread use of adjustable speed drives, a
radical change in the control and conversion“ of electric
power for commercial and 1ndustr1al use, and the development
of new motor drive systems. Motor drives probably represent

the largest market for power semiconductors. ,Thyrletors as

the heans for controlled-rectification was the instrument® for

the rapid develdpment of motor drives of all types, sizes and

applications. Like other poher semiconduqtor circuits,
> _ ) ‘ . "

- inverters find “their ‘widest, applications in adjustable ac~

motor drives. Variations of ac' motors' speed can be achieved

most effectively by-Qariation of voltage and frequency of;the

~Bupp1y. Presently static centrollere for such variation are

‘voltage COntroIlers,,:cYClocqnierters and inverters. . AC

voltage controller cont;ol-the speed to a very limijted range

by voltage variation only. The cyclbconverter dircuit 1is

limited ‘to the use of speed variation- for . low frequency

he output

frequency. As a result, etatic- inverters tak

over other types of converters in ac motor drive

precedence
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1.2 Inverter Controlled Variable Speed AC Drives
- .

Traditioneily‘ ac machines were considered for
constnt gpeed applications and dc machines were used- in most
variable speed appln.cations_. But emjzloyment of elegant
comnmtation techniques in SéR inverters resulted in prac,t:_ical

1 L -
and éfficient statio, variable voltage,.variable frequency

power supplies requ1red for speed control of ,ac motors. Ac

machines, especially the cage type induction motors, possess

dpveral distlnct virtues in comparison with dec mach:.nes.
.. ' i :

These relate to lower cost and &eight, lower inertia",. higher

efficiency, improved reliability, ruggedness, low maintenance

and capability to opehte in a dirty and explopgive

environment. Some of ‘these prop‘erties .are of great

importance which make ac drives a must in * some practical

applications. However, when precise speed control or close

speed tracking in multimotor drivee are required, synchronous..

me ines are the obvious choice. aThus varia_ble gspeed ac

drives may be classified into two distinct categories:

1. Variable speed Induction Motors,

2. Variable speed Synchronous Motors. : ) \\“\\
AC motors for variable speed drives may be made to
A

have the essential features and the characteristics of de

drives over a. .wide dpeed range-without the use’ ,of a.

mechanical commutator. Conventional synchronous machine slip

\. \ ) . N N

R
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rings may be eliminated hy the' use OF 'permanent magnet’ rotors-
or self syrichronous drives. Hence the need for slip rlings is
removed too.. Before the. se'irniconductor inverter was .
introducfed, speed control of ac machinee required eJ.?he}r.' a
. pole cha.nging technique or a dynamic frequency change U'I‘h'e
‘ cost of .such techniques in ac machines gave way to the use of
dc motore in ;rariable speéed applicatione‘v_D_g'\machlnes also
had superior performance characteristics over constant speed‘
'ac ,motore. But their main dieadvantagee are commutation
hazards at high epe’eds, relatively higher cost and higher
weight than ac motore of the aame frame’ eize.

‘v AC machine variable speed drive characteristics can
be made‘ similar of dc machines w1th precision variable speed
drive at variable voltage ‘and variable frequencx . Speed
variation by stator voltage and frequency is poseible in’

.

three modes of operation in ac machinee. ' e

. [} R
. Constant torque mode
- 'éon'etant" poWer mode-

- Constant voltage mode:

In the conetant‘ torque n?ode, flux ie' main‘tained-
constant wh«ich requiree voltage to frequency (V/£) constant
ratio of voltage control (Fig.- 1.1).  In the: constant powerf
'mode the voltage must be raised as the power factor drops.

Typicalgtorque speed characteristice of. euch‘.three modes of

.operati'onl‘:ie shown in Fig. 1.2. 'Thie conf‘e're that speed "

ke o,

B e T
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Fig: 1.1 - vVoltage to frequehcy.characteristiés - for S
constant ‘toruqe and constant power mode of ac -
. motor operation . : - t o
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control via frequency provides the essential dc motor’

characteristics in AC motors.
Maethods of induction motor speed control by static
drives are a varia'f:ion of stator voltage, rotor current and

supply- frecjuency.‘ ~0On the other hand- methods of speed eontrol

‘in synchronous machlnes are supply frequency control and self

BN

sync’hronous control (multipole) Usual static devxces for"

such speed control .are ac voltage contro?lers an& statlc'

frequency changer like inverterq and cycloconverters. 'I‘he
§

type ,of- static controller used in ac motor speed control
depends largely orr the type of applicati_on, effectiveness of

the static devices and their -econonmic constraints.

o '

1.3.1 'I'he f’ulse Width Modulated Inverters

It was mentioned earlier that static :mverters are

) finding wide uses in. ac motor drives. Two main inverter

types using a d\: link at one end are,
1. Voltage Source Inverters (VS]’.), Y ',
2. Current Source, Inverter‘s (csI).

Classification is done by whether current or

_voltage at the dc link is the control parameter.". Depending
upon the control variability and commutation n\fethpds— ‘employed -

in’ SCR- inverters, the invertes.' may b‘e'subgrouped--in,a variety

of ways. Besides the main types, puls'e.widt.h modulated

inverters are very prominent in ac drive -ajs‘tems/'.

[

| |




N s LTI

1-9

Pyl
4

Normal voltage source inverters and current source

" inverters have the inconvenience of denerating a. square wave.

at the output of the inverter contalning high low order

harmonics. leey also need double power conversion processee

for simultaneorm” voltage and frequency control. -Usua\l.l-y in

ordlnary 1.nver-ters, voltage ,control is achieved with..qn_'

controlled rectifier on the’ :anut eide of the inverter. For

"~ simultaneous voltage -.control‘ w1th_ frequency ‘change,

\
P

additional control ’circizit' is necessary.- However these

problems can be overcome by using PWM operat¥on of VSIs and

CsSis. The objections 'to typical VSIs and CSIs disappear if

the inverter is supplied by a flxed voltage de link and
sw1tches are operated at higher frequem:les 80 as’ ‘to chop the
output waves for the double«purp'ose of voltage control and

low order harmonic elimination. BasicaIly. PWM makes .uge of

‘elaboration- of .the inverter control circuitry to permit'

variation of the 'ratio Jbetween, dc input voltage and ac output

~

" ‘voltage of the inverter "itself. : Co g

Pulse width modulation. techniqueﬁ accomplishes both

the voltage and frequenoy regulation in the output of the .

inverte,r.. the input ac supply is rectified and filtered at

fixed full voltage, ' The ° inverter section is arranged to
. s n -

. . . . e
.switch the dc in such a manner that the 1ine to'line’ voltage

*
consiate of a eeriies of pulees. Pulses are arranged to be of

[}

varying width 80 that its average leads to a sine wave.' 'I‘hie

-
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‘technique js .the most .sophisticated and 'complex in static

. L] .
Jvariable .frequency ~drives. . It.has advantages when full -

torque _capability is required at\ low speeds. Three most B

commonly used modulation techniques in. PWM inverters are:-

-

1. Single Pulse. Modulation n T
2. Multiple Pulse Modulation

3. Sinusoidal Pu%se Modulation g

In single pulee modulation, “the usual positive. and

negative half cycle of a square wave at the output of the

-inverter are width modulated to vary the@ output voltage.

L] -

Frequency change is also achieved in the same circuit (rFig. -

1.3(a)) . JIn . single.- pulse ‘modulation, the harmonics at the
output of the _ infr'ter increases as the pulse_vwidth of square
waves are 'réduced.. The 'harmonicl contents - at. Lower , output
voltages can be significantly reduced by using several pulses

in. each half«cycle (Fig. 1,3(b)), the method 1s known as

l

multiple pulse modulation.. The nost versatile modulation'_

-,
-technique in use so- far is the sinusoidal pulse modulation
technique. In thie me\hod, the switching waveform g pulse

widths are a. sinusoidal function of the angular position in

one cycle .of each pulse. . Bood ,performance“depends
) \ SRS

principally .on the capabilitjr 0f the elect_ronic:con'tro_l

. circuitry to define precisely t.he switching instants of .the
power stage, in order to . cause the output ‘of the con\:rollerfl -

to be a train of»pulses with a time 'averaqe...th‘at approximates‘ .

a ginusoid. CQmplex logic is needed to perform this tae’k and

1
Y .
- LIS

B

[t}
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ro ' ..was introduced "[Il'].. _In the asynchronous mode the" ine ‘wave
is: cornpared ‘with a 'hconstan;-7 fr.equencyi c'arrier' wave.. | The .
T ; disadvantage- .o-f 'such operation is, ‘with the-. constant .

-l‘.

e v 2

= Sy
. . ' fref?{uencies cannot -be maintained to an intege.r value. . -This

Q ! ‘

gives rise to subharmonics .at the inverter, output w‘nen the‘

Voo " N -\ "
ratio ‘islnot the \desir:ed integer value..‘.' 'I'he problem is

PN

A overcome in” synchronized sine PWM mode where the carrier wave

R . .. 4 R t

frequency-u.s varied with..the modulating wave frequency to

. : '-',keep the ratio g the desired intéger value. . Thia, however,

) -
a B - .

\ .+ . 8ince the modulating and carrier waves ar.e synchronized the'

s .carrier frequency must vary over a 'wide range as the’ output'

’ "in inverters for ac motor drives,.to allow the carrier

Vv B
3

frequency to vary. widely Because, if” the carrier frequency

3 Y 3

is too high, the commutat'lpn hazard increases as the numbe_;,

', . ,'df commutatiOhs per second irtcreasé%@ Also an increased'

' i

T o the power circuit of the inverter. "‘For drives, a,,very low

A s

L constants are insufficient for adequate smoothing of current

-

‘ drawn by ;the motor. 'I‘o overcome this problem with the fixed

. '_ratio met‘hod E6], pulse’ width modulation with ratio chang\ing

v

pr:.ncz.pal disadvantage .of ! synchronous PWM method is that,‘_

frequency\ carrier the'ratio of sine and triangular ‘wave

frequency- change&.- It is not usually practical,- especially .

number Oof commutations causes larger commutation losses in '

-cai‘rier frequency also . creates ‘problenis- since s the’ motor_‘
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_the conventional means for implementing the switching
algorithm 1is - the subharmonic or triangulation approach

involving -an- electronic comparison between a reference

) sinusoid and a triangular garrier waveform—as illustrated in

1‘.introducea with a view to accomplish voltagé’and frequency

3

-Fig.13(c) : o -

v

1.3.2° Survey of PWM Technigues

PWM teqhniques of switchingf the %Pverters was

v):

control in one power stage -and also to’ reduce harmonics at

'the output’of the inverter. It is possible by surveying the

=

v

literature-over the last decade to . trace the historical,

Rl .

P

developments of Pwﬁ'inverter control techniques and’ relate*

i)

them to the changes in technology M - 5:.

h—.‘

: single‘;pulee and multiple pulse modulation [l 2 3,4, 22]

'fThese _modulation technique are- capable ~of controlling'

t

'!linverter voltage and frequency in one pOwer Btage and capable

of elimgnating only selected harmonics at the output of the

inverter. These modulation:procedures were eupereeded by the

-~
v

’ introduction of the more complicated and versaﬁile aine\

o modulation [4 5] Sine modulation ie a variation of multiple

- -

pulse modulation where the pulse duratibn and,numbers are'“

'l' determined by comparison hgf a modulating sine wave and

. /rrier tjiangular wave. ' At first aine quulation used the :
4 . :

S

. aeynchronoua PWM'mode and later the synchronous mode of PWM

. . B T R .4
. 5 . e

The foremost modulation techniqde in inverters were.

[ VERUISIE S s
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at various operating frequencies is suggested [6,11,14].' In

the variable ratio ischeme, the carrier . steps through a’

séquence of ratios as the operating frequency is increased.

The later -section .maintains a high carrier frequency

throughout | the operating range thereby produc1ng anly high

frequency harmonics at the\outpqt of the inverters which are

e’asily f-iltb.rable.' ’I‘he variabillty pf types of siné PWM

a -

~ schemes put forward are due to implementation involvements,5

types_gof' applications andn-technical and economic
feasibilities.: Curnently three distinct approaches are in

vogue to formulate the PWM switching strategy L7, 10 12]. The

'first, and the one which has been most w1dely used because of

its ease of implementation using analog techniques, is based
t

on natural sampling technique [4 7] deScribed already. The

N

:recent trend isohowever to generhte the switching functions

\ using microcomputers The’géneral tendenay in microprocessor

Y

"'control is to ‘use a- new, switching strategy known as 'regular

sampling [7 10 12 16, 18] In thej regular sampling
- ) LY
technique, ‘the - sine modulating wave is replaced by a sampled
/

[stepped] sine wave and . the switching points are determined

from the, crossover points of the carrier triangular wave with

B

the,stepped sine wave. In this mode of‘control, the. amplitude

t

‘ of the - modulating signal at the sample instant is stored by a

i
sample held circuit operated at the carrier frequency and 1is

'maintained at a constant level during the intersample period

] . N 1
« ot e ‘ . -
- , : L" . _ . \
: ~ ' o ! ' . [ L '
~ R LT . -
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until ‘t.he next sample is taken. This produces a sample hold
or amplitude modula®ed version of the modulated signal. As a
result of this procéss, the modulating wave has a constant

amplitude while each sample is being taken, and consequently

the widths of the ‘pulses are proportional to the amplitude of

the. modulating wave .a't_ uniformly spaced safipling .time from
where the termihélogy" of unifo_rm.sam-p.ling or regular sampling
came. I'tlis ar.x-_important ¢h5£agt’eristi_c of 're.gular sampling
that thé‘ s'amp]..-i'n‘g. positions’ a.m-i sar.npl.ing values can be
def:!:negl ur;ainbiguoualy,_ such ‘._tha.t the pulses p):oducec; are
predictable both .in width and -position which is notn the case

%

with- a natural 'aamp'ling process. In a natural sampling

process no direct way of finding the pulse width ‘and pulse

positions 1is available other than solving transcendental

eqﬁations or bessel function approximations. l Since it is

possible to calculate the pulse widths wusing ‘simple
trigonometzfic equations, theblﬁotential. for real tiﬁe PWM
g'ener”&tic?n using the computing ability of the microcomputer
is greater more with the regular sampling technique rather
than with the natural sampling technique;

The .third approach uses 'Optimal’ PWM switc}{ing

strategies which are based on the- minimization of c.ertain

o

-~ performance criteria [19.,20,21] for _example,"eliminatiOn or

minimization of particuléi:" harmonics, or the minimization of
harmonic current distortion, peak current, torq_u,e' ripple

etc. These optimized , PWM control strategies are ' currently

. -

4 e taren e -
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.

receiving considerable attention. As a result of "the

-

developments in microprocessor technology, the feasibility of

impléménting these strategies has now become a real
»

possibility [l10,19,20,21,13,14,17,16]. In contrast to

€ . ;/

natural and regular sampling, it has been usual to generate

optimised PWM by defining a general PWM waveform in terms of

a set of switching angles and then to determine these

-

switching angles qéing numerical methods and the mainframe’

-

computer.’ C -

‘Besides the types’ of modulation techniques
mentibPpned already, there afe several other modulation
processes put forward from time to time, ‘such as traﬁezoidal
and équare.wave modulation [27]. Howé&er, thoge modulation
processes have not found their way toward inverter voltage
and frequency control for drives.

'Along with implementatf&n of variopé m?jplation
techniques in invefters, the analysis of such inverter have
also been carried out by different authors at different
times. Attention has been given to outpgﬁ volta%F analysis
and the ihput current harmonics. First attempts were ;iméd

at the 'inverter output voltage analysis by the Fourier

analysis method [25,26,27]. An approach to output Voltage

harmonic analysis based on double Fourier series expansion in

two variables was introduced. This was necessary for the

general case since there is no rational relationship between

the modulating frequency and the w<carrier frequency.
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) ' ' . .
Presently, more emphasis is given to:optihization techniquegqﬁi

[24,27]. Availabflity of some packages [PWLIB] for general

analysis of PWM inverter outputs are also reported [48].

Also, some new analytical methoda*?or input current harmonit

analysis of the‘inverter,are reported‘[é8]. The analytical
approach is dréwing more attention duelto the fact that the
implementéﬁion of different modulation technigues, egpecially
the optimum: PWMs 1requi;e a mathematical formulatidn for

software developmenL in their implementation. However, due

a
1

to the complexity of the modulation process; no general
approach has so far been standardized.

1.3.3 Sine PWM Inverter Stratégy for AC Motor Drives ,

The merits of sine PWM in solving one set of

' problems bring back others. The first is the increasing

-

commutation problemé;ﬁaﬁa secondly the low utilization of dc

power available. " Since commutation is not a problem at
higher voltageé associated with higher speed, drive stability

is more easily ensured. It is advantageous to combine the

merits of the two systems by using the PWM mode at lower

-

"speeds and the pure square wave at higher speeds [30,36] with

transitional stage from one systém to another at medium

gspeeds. The frequently encountered load characteristics, .
whic# trangforms fiom~a constant torque '.guirement_at higher

épeeds ’makes such a hybrid system even more attractive.-
However such drive calls for a Very“QOmplex control strategy 1 "

a
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: A ]
for sine PWM inverters and increase the cost of the total

drive system.

1.3.4 Delta PWM Inverters -

Recently a new modulation technique for inverters

was put forward for drive applications [30]. The new scheme

'is simple to implement and it does not require additional

cfrcuit elements necess'ary for the sine modl_xlation’techniquel

in order to give some of the characteristics required for an

ac. drive -system. , This new modulation techniqu'e,‘-kpown as

delta modulatlon, Uses' similar triangular and .sine wave
cqmparlson to produce switching waveforms of tinvé inverters.
However the carrler triangular wave in delta modulatlon is
generated by the modulat1ng sine wave and has ‘a variatlon
which makes delta modulatlon capable of operating in{poth PWM

. \
and square wave modes without additional circuit elaements.

The' technique also. produces a modulation pattern with low

harmonic content and a fundamental voltage ‘variation which

maintains an inherent constant voltage '_to frequency .ratio.
These _features- of delta 'mvodulation may make it very
attractive for‘ac motor drives. .

An induction motor 8 steady state performance is
dependent on the harmonic voltages of the inverter output as
well "as on the, fundamental voltage.. The ‘inherent

L}

charaeteristj.ea of the delta n‘iodula\:l_oni process, the linear

fundamental voltage variation with frequency up to base.

»

«

)
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frequency and constant _voltage beyond the base frequenoy,
provides cdonstant torque and constant powef characteristics
up to anﬁ‘!bey"ond. base frequency respectively. The harmonic
contents in delta modulation are low and the dominent

harmonics are at or near high carrier frequency. The

" harmonic contents, commutation timing and mode of operation

.

cen be changed easily by changing the amplitude of the

Y

modulating wave only. All these features seems to be so

attractive in ac motor drives that it may find its' way to

drives- soon.

1.4 Objective of the Present Work

'
Though the delta mpdulation technique has been

B

proposed [30'_] for inductlon motor drives, no *Bignificant

detailed analysis of delta modulation has been undertaken

- for application in ac drive systems. The present work is

aimed at a comprehensiv_e study and analysis of the delta

modulation technique in inverters. At first a . detailed -

analysis was done on delta - modulation. Secondly, the

analysls is extended to find the performance of inverters for

L4

varioue load conditions.

N :
Chapter two incln&es the theoretical analye:Le and

ES -

details of implementatidn of delta modulation. It also

“includes the expe.rimental’-verification of the principles of

delta modulation. - . ' ' ) o

~
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In chapte three, theoretical and experimental
study of the delta)l modulated ,(inverter 1is presented with
passive loads.

— Cﬁgglgr fo coﬁtains the analysis and verification
of results .of steady state perférﬁqpée of single phase
induction motors féd from —fplf .bridge ‘del#a_ modulated '
ihverters. The features of de}t; moduiaﬁiohjfor wh}ch it®
seens attréctive for ac motor drivés ére vérified
analytically and-expérihentailyl" Results arefcoﬁbafed'fbr
two single phase'inaucfion motors ofl1/4 and 1/2 hp ratings.
Chapter five describes” a three phase 'delta
X modula&ion circuit which has beeﬂ deéveloped and impiemented
during this work and it is hoped that the éighificance of.tae
new modulation technique will be‘ further eiabﬁrated when
analysis and - - experiments are, carried out 'cn_ 3-phase ac-
\\\;JJ motors, both inductijon and éynchronous_ éYpes with
conventional wire wound ahd.permanent magnet excitation.
_ Chapter six ucohqluaeg on the dbjécqive aa‘§
experiments done in the study o? delta modulated inverters.

It gives an\i;tLﬁne of fu¥£her'planned work.

s~
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operate the motors at desired slip and keep the volta/Hz

' CHAPTER 2

‘This chapter deals with the developnent. and
analysis of the delta modulation technique as used in PWM

inverters. The development of circuit implementation. for the

logic signals required for SCRs of the .inverter 'is béincj_'
'disgussed: . The analysis includes the unigue- fea‘t.ures, of

" delta modulation tecﬁr}ique with special emphadis on

determinati;m of ,;narmohibg at. delta modu,latc'i ‘inverter
o‘ut_put, the constant volts/hertz ‘characteristics up .to base
frequency and a ‘constant §ower operai:ibn b,ey'oxlmd tﬁe base
frequency. A Dbrief cofnparis,on has been made with the
commonly used sine modulation teéﬁr:idue to bring ouf_ the

3

advantages of delta modulation. In few words, delta
modulation ig found to be more easiiy impleinentable than the
SPWM technique and further improved operation characteristics

are realised. ¢~

2.1 Delta Modulation Technique in PWM Inverter

Initially delta modulat.ion_wa's e_vol\}ed as an
effi®lent method of 'digitizing voice for secure, reliable

communication and for ir\_oice in;ii.xt/outpu_t devices 1in data

processing:[31]. Recently; its possible use in inverters for

‘variable speed ac mpf.or drives was reported [30].-

For. induction motors ‘the general requirement is to

[y

)
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constant to maintain the flux density at a particular value,.
For permanent magnet synchronous motors, the starting
characteristics calls for the same volts/Hz -characteristics

up to the base speed. These various requirements have been

.

L4

sine PWM“invérters. The main objecﬁion to.qine PWM ‘was its

certain percent utilization of dc voltage available at. the
. , N ;

bus, which;Was solved by ifs'gradual transition from PWM mode

to s}ngie -pulse mode, - To -attain this, sine PWM control

circuits require additional attachments to its normal control

circuits:
. - : .o .
‘The arguments put:forwérd in using.DM technique in

PWM inverters for ac motor drives arge its aimple circuit

implemeht;tion, smooth transition- between PWM and single

pulse mode of ppefation and  constant voftg/hertz.operétbon,

without the need of additional circuit complexity.

L]
.

2.1.1 Delta Modulation Tecﬁniqgg . .

In the paag_yearh, vapiods'moduléﬁion techniques

met with different voltage and current control techniques in |

were introduced for digital transmission of speech or image

signals. Numerous methods of converting analog signal to

digital form have been proposed .for va:iéus appiicaﬁiong with -

the hope of reducing' cost, improving performance and
reduction of bandwidth requirements. ' Delta modulation (DMi

and differentiai encoding methods are .the offsprings of
¢ ' ’ .

classical’ pulse code modulation [PCM] used so far® for

v

-
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communication applications. DM technique has the advantage

- of greatly simplifying haranre. It is the simplest Xknown

method for converting an analog signal to digital form. . 1In

converting annlog signal to digital form, there is amgreat
]

‘deal of redundancy in} the information to be transmitted.

Past_informat;on should thus.alapwﬁcurrent informatiég;fs:be

predieted. fairly weII, 80 ‘that‘ nignald,,need' only be

transmitteduif'a'significant change'in the slgnei occurs. -
As applied, in signal proeessing, the delte

modulation technique [32-34) can be illustrated with the aid

of Fig. 2.1. >

Thewgégnal x(t) is .compared 'with a stepwise

approximation T(t) by substraction, the difference being’

passed through a hardifmiter quantizer ‘whose output equais‘tal

depending on the sign of [x(t) - Z(th This 1n turn

modulates the 1dea1 samplﬂng wave S (t) to produce x (t)

-——

where the modulated wave. ;b(t) 15 given by

x (t) = £A sgn [x(xT_), - x(kT )]6(t - kT ). - 2.1.1
CTpt. x ]

Thie 15 an- impulse waveform fronx whi~sh x(t) is

generated by 1ntegrat£on.

Hhere [ '

. + A ='level of quantization.
. {

egn'ehindlcatea'thefgign of [x(t) - ;(t)]

’

\{
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x{kT) = vajue of predicted signal at kth sampling
. 8
time .
Ts = sampling time . .
- §(t-kT) = impulée function .

In signal transmissions, DM has .two distincé

restrictions, resulting. in w1der bandwidth requiremenms. When
{

X(t), the estimated or predicted signal is smaller than the

actual signal X(t) at start, the first impulse,has the weight -

+A, when fedback and integrated,- that . impulse” produces ‘a

stepwise change in i(t) of height +A. 'This produces'a

stepwise change in X{(t) and causes a negative impulse. If .

X(t) remains constant, X(t) follows it in- stepwise function
unless the r;te .0of ~change is too  great when the blope
overload takes place. ‘This occurs: »f the quantization 1evels
A are too small to track a rapidly changing signal.luThis is

due to the inability of the modulator to track large changes

-0f the input signal X(t) in a small.intep&gl pf time. This

phenomenon is-.a basic limitation of DM in communications.

#

v

In DM, X(t) is not™the transmitted signal, rather
o .

' . Q&
vthe transmitted signal is a binary represen&ition of Xp(t).

The binary digits merely - indicate the polarity of the

diffe;ence.between X(t) and i(ti at t =:kTB. A variation of -

DM is differential pulse c935 ‘modulation (DPCM) Wwith

multilevel  quantiser instead of 'two level quanfieétipn,:

Functional1y*differenti£1 PCM signql is a PCM iepresentatipn

of the difference signdl [X(t). = i(t)].éenerated,_Qhere'i(t)

N . o
\ : : © o
T a

RPr

- &

le 4
*



switches (the SZRs) ..

4

&

! .. . . °

has a-.variable, step size ranging from A to t Q EA' Q. being the

*number, of 'qu_antum levela. It follows X(t)more accurately
'when.this _compounding is used in.digitizing a signal, there

-will be much_ lower idle noise, fas'ter 'star‘t ‘up an‘d‘ less
\ . :

chance of;fslope overload Clearly, DPCM with Q>2: requires

equipments ju.st as complex as PCM. © 'In _ return it offers’
. 7 | . N
: potential transmission bandwmth reduction.

2 1.2 Delta ‘Modulated Inverters '. 2 “

1 .ﬁ Rl

In invertes, the modulation process to produce the

,'switching signals for the t‘hyristors determines the ‘frequency

.

)

and volt’age at the output‘ of the inverter. The--~delta:

}
modulation technique for generating such switching*""logic

utilizes a sine .reference waveform and a delta‘shaped carrier

waveform to determine the switching frequency of the inverter .

5
. o

0
. « .

'rhe elta shaped carrier waveform is allpwed to

oscillate within the defined window extendiné equal’ly above ‘

"tine ma;cimurn carrier slope determine the maximum switchim;
'frequency.-l, For invertei' switching the - modulation is prime

object and no attempt of sampling the modulated wave to

produce a binary signal is t-aken. Th\e signal t,:’o be modulated

. \ N N
is sine wave._ The. carrier wave acts ae quantising the

' and below the reference wave. © THe mi,nimum wi,ndow width and K

-.reference wave in ~two levels. ‘It also determines.the widths '

" ‘of the’ switching pulses., Thé key waveforms asbBociated with

—_—

e
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.wave and delta shaped carier wave.~\ Whenever the carrier
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-~ '

‘this technique are-shown in Figs. 2.2(a)- and 2.2(b). The

switehing wav'e.fo‘rni- oscillates between tVs and can be

o, N .
expressed  as ’ S . :

Wi(t) =.V. I AV sgn [x (k'r Sx(KT )1 .. 2,102

g 'z
\'. ' b '. [ .
where ‘ v, . ' X e R ) — ' R
e . 3 R . Co v - O - -
quantization level T

) VB ' level of sm,tohing pulses »’ .

T AV

' x(kT- ) = Sin m()('p ) = modulating signal in this'

e ,.s ‘." o ’casé at KTg . - . /
- ! = .o :\g_

. x.(kT ) é Predicted .singal at »kT

)

_ i‘s Sampling time '"‘ o " . _n Sy

..In implementing the DM/'/technique to produce the”

necessary switching functl.on for inverters, the switching

Fl * b . « 4

pulses are generated by the interaction of reference sine

\

reaches the upper or 1ower window bounda\i‘y, it reverses -its -

;-

slépe and changes the switching anef'orm VI from +Vs Yo -

’. \ s

°VE’ . ‘I‘his process continues to. generate a train of switching

' \
pulses. .\The A‘.switching-»_frequen'}:y can be a]o.t|ered in three

\ ‘ng the slope of the trianqular carrier 'wavle or

by changing;ghe‘window width (qnantization 1eve1) AV. I'I“nus

it is impdrt nt to set these values such thet sufficient time )

ia provided for proper turn on and turn off of SCRs. If a -

single phase full bridge inverter is to be switched by the

s,jl‘by changi,:ng ~th'e amplitude of reference wave .

e e v
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modulated wave, the sequence.of the thyristors to be fired is
shown in Figs. 2.2(b) and 2.3. Fig. 2.3 illustrates the
basic single phase full bridge inverter circuit.

In-practice, the slope of the garrier frequency and
sampling rate are kept constant in implementation by circuit
parameters. ' So it is obvious that overload error de{;x}bed
earlier takes place, as the frequency is changed to higher
value. This phenomenon is8 however useful -for inverter
operation. —As the sampling rate is kept constant, sampling
per cycle is kept .constant as frequéncy of operation (sine
modiulating wave frequency) is increased. As tHe result of
overload error in modula.;:iém,. a tr_ansiti'on from PWM to single
pulse mo‘de operatior;. takés place when the ’modulating wave and
carrier wave frequencies are eqqal. The modulated output

-
continues to be single pulse square wave beyond that

frequency. ’ -7 . -

2.2 Implementation of Delta Modulation Control Circuit for
PWM Inverters :

N

The delta modulation technique requires’ relatively

simple cifcuitry to obtain the switching h;aveform for
thyristor switching. Fig. 2.4 is an'analog‘circuit that is
capable of producing the .waveforms shown in Fig. 2.2,

The operation of‘the circui; c;n be described as
follows: Sine reference or modulating wave VR is supplied ;;o

the input of the comparator Ry and the carrier Vg is
¢ . ’ . 5

&
1

a

B e e
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generated in the following manner:; Whenever the odtput

voltage of A, exceeds the upper or lower window bounaary

2

(preset by R2/R3 ratid), the comparator A, reverses the

1

polarity of VI at the input of A,- This reverses 'the slope

of\VF at the output of A It forces carrier wave V_ to

F
‘at ripple

9
oscillate around the reference waveform, Ve

frequency w_ . Once the switching waveform- is obtgihed5 the

signals for the main. and commutation thyristors c;B//béi

obtained'thfdugh the logic circuit'implemgptatiqn féé such
inverters. The basic. signals for such }pvertef tﬁyfistor
operation are shown in Fig. 2.5. - |

The £imin§ diagrams for variouq 1ogicsland their

block representations are shown in Fige. 2.11 and 2.12,

Details of the implementation to get the desired siénals with

proper commutation dﬁi?y time and commutation signals are

elaborated in appendix B.

‘2.3 Features of the ‘Delta Modulated Inverter

-

The idtrinsiéffgatufea of déltp-modulation'achemes.

are: ' -

-1, Up to base.frequency the~£pndamehta1 voltage. to hertz

ratio remains constant. . )
2. ‘Lower order‘ha?monicd in carrier and modulating waves are

‘negligible. L ’

<
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3. For fixed window width (AV), the ripple frequency

® increases as the amplitude of the modulating wave V
' »

R

‘decreases.
These features of delta modulation technique were observed
both analytically and experimentally. The analytical rﬁethod

" " required the approach of Fourikr analysis of the switching

N expressions for fourier analysis o'such waves are given \ir{

- ‘' the following subsections.

2.3.1 . Fourier Analysis of Delta PWM Inverter Output

The fourier .ahalysis of the PWM wave requires the
de\\termination df n'pmber of pu'laes' per half cycle. and . their
positions at different frequencies of operatj:on. Once the
pulse posif_ions and the numb/er of pulses are known accurately

® ¢or such waves, the Four\% coefficients can be e;sil_y
determined.- : ‘ ’ SN - | | ‘-

For DMl i:_echr;ique, the “pilse positions of the
modulated wave is"given by the following expr‘e‘ssion (detail
derivation is "given in ap&endix D) |

-1 Vg Sin @ ¢, , - Vg Sin 2t

A . A+ (-1)%

.24V + At i

ti = '
2.3.1 .

whare

A = slope of the carrier wave VF

AV = Window width . . ' .

VR = Maximum voltage of the modulating signal

-signal produced by ‘the modulating and carrier waves. ”\The




gt T——

rf
]

e
]

Q=

ith pulse tefminat'Bs time

ripple frequency Sf triangular wave Ve

frequency of modulating sine wave VR

The window width AV is determined by the circuit

constants and lodic power supplies. For the implementation

circuit of Fig. 2.4

AV =

The

R . ) : . n‘
—2-VB \ ‘ -:: 2'302

s
s

sldpg A of carrier wave is depended( on

modulating - signal amplitudé, but it may be'considered

constant up to

base frequency.with a constant amplitude of V

for certain mode of operation. Once the pulse positions are

kriowh, the number of pulses/cycle or half cycle as required

by Fourier analysis can be  obtained easily. Since the

modulatéd wave

the odd harmon

[}

has £(0tnw) = -£f(6) symmetry, it only'contaiqs

cs. The Fourier coefficients are given by the "

following equations (Detail derivationm is given in appendix

D).
A =
] n
B =
n
|
and . vn =

2v_ N,
e B (-1
i=1'20'¢

i+l >
(sin nGi - sin nGi_l) 2.3.3

N ' [
2vs p i+l -
,— I {(-1) .{Cos né - Cos né§,) 2.3.4
nn . i-1 i
i=1|2lon -
2 2, | ‘ .
YA,© + B ") | o 2.3.5

Rq

< N
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where
Vs = Logic power supply voltage
n = order of the harmonics
Np = number of pulses/half cyclel

Gi = :ith pulse termination position in radians
These expressions are used in the. theoretical verification of
inherent féatures"of th;: delta modulated inverter.
Volts p?r Hertz Charéc.te‘ri_stics:—

The output of the inverter has a fundamental
voltage to frequenc-y congtant characteristics up to base

frequency. Beyond the base frequency the fundqnental voltage

remains constant, because beyond the ,base ‘frequency, the

N :
.output wave becomes constant amplitude square wave, From

circuit analysis point of view this i expected. The ' circuit

implementation of delta modulation is shown in Fig.. 2.4. _In

the circuit of.Fig. 2.4, A2 acts as a low pass filter besides

acting as an integrator. Hence

- V; . - . .
Vet O T, | 2.3.6
where ) '
an = nth'order harmonic | of the carrier wave
vIn-i‘ nth harmon.ic of the modulated wave
Q. = frequency' of sine re_f_eren-ce wave
Also Vo, =V L 2,.3.7
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From equations 2.3.6 and equation 2.3.7 one obtains .
v
11
v, =V = 2.3.8
R Fl RIC‘ 2. _
A
v 23
Il _ :
or L T = (Rl C) VR

-, Since the amplitude Vv, of modulating wafle is

constant and independent of nr,.the ratio of VIl'/ﬂr 1:.5 also
constant and independent of-Qr. This is true until: nr =0,

(i.e. the base frequency), at which point modulated wave.

. ’
becomes a square wave of {he'frequency nr. After this point,

L

fundamental voltage cc;mponent vIl of the modulatea w'ave
remains constant. This was‘analyaed with the help of Fouri‘&r
analysis of delta modulated wave. ' R

The fundamdntal component of inverter outp_gt

voltage at any frequency 1is given by

- . <!
- 2V P .
A =—=2 ¢ (-1 (sin &, - sin ¢, ) 2.3.9
-t i=1,2 : =)
’ e o . ¢
. ! ’ .
N
2V p . .
Bl = 3 I . (-l)i+1 (Cos & - Cos 6,) 2.3.10
. n i=-1 i
- i=1'2. L N .
N .
2 2 - S , !
where , -~ _ . !
& Nl')-= ‘number of pulsgses . b '
” 6i = ith puise termination position in radians.

' »

1>-
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1/f gives theé fundamental voltage to modulating wave

frequency ratio. The plots of theoretical VIl/f ratio is
given in plot 2.6. It confirms the validity of the results.’

Harmonics in Delta Modulation:

5 <

The dominent hdrmonic frequency in|the darrier (Vg)
and modulated ('VI) waveforms are close to the ripple
frequency of the carrier wave (VF).' As a regult, ldwer order

harmonics in V, and V. are negligiBle, par‘itiCularlly ‘in the

F e I
low grequency operations. At high frequency operations, the

fundamentél itself is dominant the effects of higher

harmonics are reduced even more. Especially, with passive

.

R-L load and dynamic motor load, the effects of the dominant

high frequéncy components at the output' of delta modulated
waves are quite negligible, since the impedance of such loads
at‘h'i\;h frequencies are higher as cdmpared to that. of the
fundamental.

-

The theoretical harmonic analysis was‘\cdrried out

14

using the expressions for pulse termination an? number of

pulses as " mentioned in the equatlons (a 3. l) to (ﬁ 3, 5). The

theoretical results ehow harmonic content to be J‘significant

at lower frequency Operation.. The j}:monic content decreases

with the increase of the operating frequency of . the

. inverter. Fig. 2.7 shows the fact that, though the harmonics
. 4 : , .
“are high at 1low equenty, they are so at [or near the
— »
» ripple frequency or at. the multiple of ripple ‘frequengy of

[
\

- —rt o
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L

the carrier wave. At 50 Hz operation t};e dominant harmonics
are 9th and llt‘p operating at 450 Hz and 550 Hz,
respectively. Ripple frequency in this case is about 650 Hz
as shown in Fig. 2.10. This shows that t};e effect ‘of
harmonics can be negLected with passive R~L Load or dynamic
motor loads. |

.The déminent; harmonics+vs frequency plots of Fig.
2,8 -and 2.9 sth that the harmonic contents. at the invezQer
output can -be reduced by ct:nging the. .ﬁ\odulating index
g ' o N .
m =y at any frequency of opera}:ion. This change can be
rea'di_ly'attaine'd by changing the amplitude VR of the
modulating sine wave. This can b“e done without any.f;xrther
modification of the ,circuit;. This 1is ada‘}a'ntageous for low

frequency operation of inverters. At low frequency

operation, the ripple frequency of carriQr wave is low. The
’

. dominent harmonics at low frequency can be brought down by

changing the modulating index m simply by changing the
amplitude of modulating sine wave.

2.3.1 Ripple Fx:equenc_z of Carrier Wave and Number of

CommutatXon in Delta Modulation
Number of\commutation in any inverter is an
important feature of the invertexj. The increase in
commutations results in increased'c‘ommutation' losses of the
inverters. "~Some applications such as the uninterruptible

. : : )
power supply system, requires .the commutation 4in the

-~

inverters to be limited for the lowest commutation losses as

————
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well as for perfect commutation process: In delta modulation
the commutation number depends on the ripble frequency of the
carrier wave. Because each ripple cycle corresponds to two

trangition points in the modulated waveform Vi each of these

" transition points corresponds to a commutation in the

’

¢
inverter. In the delta Todulation, if the window width AV of

Fig. 2.1 is kept constant, the ripple frequency . varies as

the amplitude of the md@ulating wave varies. The decrease in
VR.ianeases the ripple frequency, while the increéséAin VR
decreases the ripple ‘frequency. In- the delta modulation

implementation circuit of Fig. 2.4, the window ‘width AV is

.
——

determined By the ci:cuii constants and the 1logic supply

voltage as &

R .
| AV _ T2
vs = = . 2.3.12

w

the maximum numbef of

For particuiar VR’

commutation is given by [30]

R
1 3 . 2.3:13

The design .of logic circuit for delta modulation

can be done’ £ a certain maximum ‘allowable number of

commutat{ per second by choosing the appropriate capacitors-

,and resistance ‘in the circuit. The number of commutation at

any qQperating frequency can be changed by changing VR.

’

>

4
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‘Since number of commutation is related to the
number of nwdulate? puiseg per cycle, another easy way of
finding the number of commntation is to detefmine the number
pulses/cycle The details are given in appendix B.

The pulse termination position is given by

§; = a_ t, - ' A - 2.3.14

where ty is given by'equation 2.,3.1. Solution of the

equation (2.3.14) for’Gi at §; = =, gives'the'nunber of

' pulses/half cyclq_of the" modulating wave Vo

-

i=n,  [for si = n] T 2.3.15
where

N, = numbor of pulaea for nalf:o;cle
The nnmber of commutation pér second is given by

N, = 2% Np'#‘fr ~ : ' 2.3.16

L 4

The ripple frequency of the carrier wave is given by
N, : . _
a fr = 5= cycles/second FEEEE 2.3.17

Equations“ (2.3.14) and (2 .3.17) .are, eolved for ‘varying
freqdency . The results are plotted in Fig. 2.10 with :arioua'
valuea of modulating signal level V ,The results show that
without changing any circuit parameters, lthe _nunber of
commutation can be changed by varying V only. This givea a
choicé ofiéhanging number of commutation: in delta modulation

as deaired.
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2.4 Experimental Verification for Delta Modulation
Technique }

This section deals with “thé verification of the.

analysis .of delta wmodulation carried out so far. The

implementation of the logic circuits and verification of the

main features of delta modulation are described in the
’ . (3 .

following subgections in dé;ail,

v

2.4.1-'Imp1eméntation-of the Logié Circuits

\\

The;basic circuit used for the delta.moduléfiqn is

shown in Fig. 2.4, Before the output of the modulator

"circuit dan 'pe uged ‘for the inverter SCR operation, the

sigﬁalé are to be processed through the ‘logic Eircuits.to_
produce 'appropriaﬁe' gating signals for the main and
commutation thyristors. - Such a logic circuit was developed.
The timing diagram of the signals - and logic diagram are shown

in Fig. (2.11) and (2.12) respectively. ’De;alls of the logic -

'implemenéation. are given in Appeéndix ,Ii.' The =~ circuit

parameters for circuit in Fig. (2.4) are chosen as .

’

R2 = 10 k ohm

R3 = 100 k ohm

C = .068 micro farad
The design was based on maximum cdm&utation number of
1500-1600 at 30 Hiz operation for m = 1,-the 6utput waveforms
of this circuit.are shown in fig. 2.13 for 30 H;, 50 Hz and

90 Hz operation respectivqu.' _The oscillographs  clearly

.indicate gradual transition from PWM mode to pure aguare wave

- 4
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mode . Fig. 2.14 shows the actual signals generated by the
modulated wave for the main\ and commutation thyristors of an
inverter at 30 Hz anig;g/ z operation. The main thyristor

signal is modulated wi high }r.equency pulses of 1/3 rd duty

cycle to avoid pulse tansformer saturation\in the inverter.

2.4.2 Volts/Hz dharacteristics of Delta Modulated
Inverter Output

It has been shown' in scctio‘n 72.3:_.; in the analysis
of the delta modulation that the ratio of the fundamental
output voltage to frequency remain constant from low :
frtquency operation to base frequency. Beyond base.frequency
the fundamental voltage becomes "constant as ‘the transition
from pulse mode to' square wave takes place. This fact was
* verified experimentally with.spectrum aqalysis of the output
signal .0f the delta modulator using a .spectrum analyzer.
Figs. 2.16(d) to 2.16(d) show spectra for 20 to 120 hertz of
operation of the modulator in the steps of 10 heWtz, The
spectrums’ clearly show that as t‘ne frcquency of operation
increases, t‘he fundamental component also increases linearly.
A plot of _fundamental for frequencies ,,vary:.ng “from 20-120 Hz
is drawn in Fig_. 2.15.. These Qere obtained from expe‘rimental'
apect’runis. Fié{fz".ls shows that the volts/hertz cor;stant
characteristics..for fundamental voltage is realizable in
practice without ~additional compl'exity in the controll’
cd.rcuitry.- The practically obta.ined v/f characteristios of ©

Fig.. 2.15 is comparable to théoretical V/f characteriat.ics
. . o Tl . ,\
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-

E‘-requency spectrum of delta modulated wave at
various frequeficies '
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Fig. 2.16(b) Frequency spectrum of delta modulated~wave at
various frequencies ‘
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2.16(c) Frequency spectrum of delta moiulated wave at
various frequencies
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obtained previously in Fig. 2.6. Figs. 2.15 and‘2.16 verify(

the fact that beyond base frequency the fundamental voltage

to frequency ratio increases as the fundamental voltage
remains constant due to the fact that the modulated wave 1is
converted to constant amplitude square wave beyond base

frequency.

2.4.3 Harmonics in Delta Modulated Inverter

It was mentic!ned in,6 section 2.3.] that at low

frequency operation, the dominent harmonics occur at low,

N

frequencies; and at high frequency operation, the dominant

'harmonica tdke place ‘at higher frequ_enciea‘.‘ This is bécaus'e

dominent harmonics occur at or near the ripple Ifreqluancy of
the triangular carx"ier wave. At high frequency operation the

fundamental becomes prominent -and th?"harmonic components are

-gmall in magnithde. These results were obtained from the

FqQurier analysis of delta modulated wave theoretically.

Practiéally. the output of t&f'delta}. modulated wave was

analyzed with the nhelp of Hewlet£ Packard spectrum analyser,

’ *

(Model 85520). . '
f‘ig. 2.17 shows that the f'un.dame'ntal voltage

increases. linearly with: fréquancy‘ upto .b.ase- frequéncy and

maintains a constant level after base _-f'requancy. At lower’

freéuency of operation, the magnitude of the ‘fower harmonics

(3rd, 5th and 7th) are low, ‘whereas the magnitude of the

higher harmonics. are’ greater. At high frequency .operation,
¢ » » .

1]
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the higher harmonics gradually decreases and the prominence

of fundamental increases. It is quitg evigﬁpt in Figs.

2.17 and 2.18. '
Another feature in delta modulation as indicated in

eection 2.3.1 is the harmonic contents of the modulated wave

can be reduced at lower frequency of operation by changing

. the amplitude modulating signal V_,. This cah be done at eade

R
without further modi*fication in circuit, The effect of

change of Ve on the harmonic contents:is shown in Fig. Z.fZ
and 2,18.,'It:ie eyident from the Fig. 2.17 to 2.18 that_the'
harmonic contents of thenmodulated weve-are'effected with the
change in the value of V . - i o ' . . '

.2.4.4 Number of COmmutations

Number .of commutations in delta modulated inverter
! e '

is determined by the ripple frequency of ‘the triangular

carrier wave, which in turn is dependent on the magnitude of
the modulating sine wave once the,control circuit parameters

are specified. ' Number of commutation is aasociated--with

commutation 1ossea in an inverter and the commutation takes

place in every switching point of the modulated wave-pulse.

.Usually the control circuit fbn>the nmdulator is deeigned

with meximum-allovable number of commutation, which dets the

values of R2, R3 .and C of the control circuit of ?ig.'2.4.

‘However during .operation, " this number: of commutation1 per

second can be changed by modulnting the VR signal or in other

-
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,

words changihg the modulation index. Number of commutation
is largest when the frequency of operation of the inverter 'is
low and it' ;decreases as the frequency of operatfon Qf
inverter goes up. Fig. 2.19 sfﬁows the variation of
commutations as a fundtion of modulating index. Thus the
experimentat r‘_esults compare favourably with those obtained

3

the_Qlfgtica111.__as_éh_o_wn in Fig. 2.10. e S

“y

2.5 Comparison#of Delta Modulation with Sine Modulation -

>

The commonly used modulation technique for the T

inverters at present is' sine modulation.’ This method uses a .

N

reference sine wave and a carrier triangular wave to produce

-

the required switching pulses for the thyristor " of” an .
- N ) N
"inverter. A simple realization of 'the sine PWM is done.

.

However 'in practice such control circuits require var'i);)ua
aomplex modifiéatibns and addiﬁion‘s. to meet .the neec;s of the .
loading '_rl?::ure of the inverter. ‘Basically,. sine modulation

was introduced to reduce the harmonice at the o:xtput of the . “*
‘inverter. Practically the medulation index and the 'bulse ’ ‘-
number per' \_half’. cyClé" determine the harmoni?s gf_ the
modulatie_d .wa\’re'. This is shown by Fourier a:lalys'ia qf the

AT : A ,
sine PWM... The Fourier: coefficlen dulated wave is . __————

A

P, gi\\ren (Appendix-E) ast - : : : N -
. . .. . . . '. . N b '- ('
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" where
) N = Number of modulated pulses/half cycle
) 8, = pulae width of the ith pulse .
A= % = distance befween successive pulses

E !\maagimum carrier wave voltage .

_{2i-1)w _ -2i-1"

E = maximum reference sine wave voltage
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pulse 'lt‘)catlon = 3N =
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w = ='modulation index
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the pulse width of ith pulse is given by

6, = tw |Sin 64|
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(nwt) dut
Si
2—'} ‘2.5.1
A
1
1

2.5.2

The detailgderivation for _‘ sine PwM is given in appendix V.

The Fourier coefficients expressi

ons clearl

4

'

y indicate that’

the h‘n:monic contents depana on the' nuniber_ .of.' pulse/hpl-f

'cyble ar;'dngna. modulation index.-\
! ; . . \

'fhe-hgrmon;té" analysis is )

"illustrated in Fig. 2.20 and 2.21 showing harmonics in sine

., modulated invert:r “with inodulaﬁio{l i}'ldex.

and 2.21 show that there exists

(

an optimum n

i

[

/ .

The figures. 2,20
A <

-

!

umber of pulses/

- s et
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‘half cycle fop a particular modulation index, which gives

rise to the lowest harmonic contents at . t‘he‘-output. <. Any

other number of pulses per half cycle increase the harmonic,

‘contents at the output of the inverter. The number of pulses

in a practicel implementatioh is determined by the ratio of

-modulating wave freqd’ency‘to the carrier wave’ frequency

i

(f /f ) .For a parti%cular number of* pulse per hal_f cycle,
this .;eguires the ratio of ‘fr/fc to be kept constant 'atl
certain value. As also evident from the harmonics plots in
Fig. 2.21 the harmonlic contents also‘ depend on the modulation
index m, At higher mocluleticj'n index, the pulse'width'is' ng -
longer a function lof{the iuinoqulating wave at all the rising

and falling edges of carrier wave. - Consequently, thel

+ ' harmonic contents increases gince the pulse widths do not

»

L)

continue to be the function of ‘a sinusoid. ‘The number of

pulses“'and modalation i'ndex criterion necessitates additionel :

. control circuitry in the modulator to give a satisfactory

operation. It is a standard practice in sine PWM to have

!
two, and only two Tﬁtersection of triangular carrier weve_

with sine niodulating wave during each period of tﬁ'iangular-
‘wave. This implies a frequency limitation 4in sine'
_modulation. For sine wave frequency less than the frequency

-of trianguler wave more t'han two intersection occur in - one

fime ppriod of triangular wave and the 'generetion of PWM by’
comparison of waveto\"ms cltly’ breaks down. .This require..

\ ' . o i 7
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a
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proper synchronization of thg 'carrier triangular wave with

’ “the modulating wa:le in 'ord'er'to find a well defined cross
Lo over of carriér'yith mo?ulating wave. This is achiev;d by
chan the carrier weve' frequency with sine -moci'ulatino

, wav% doing so, the condition of £ /f rati: ie set to be

H ~ \ v
b ) ‘an integer number ‘to evoid irrtroduction of unwanted

| "harménicai "~ ALl these requirements increase the circuit

complexity in sine PWM. Furthermore, any special mode og‘

operation, 'like the ,constantl volt.;\\ per. herti' upto base

.Erequency and constant power mode thereafte > equires epecial

'current and voltage controls to be added/in the modulation

L *circuits. - Various control techniques were evolved. to solve
\....theee and other requirementa of aine modulation technique.

, But in the case of delta modulation. technique, it

e . is alrendy shown that most of these requirements ane met by

. simple logic circuit implementation without additional

' control circuitry. Ite inherent property pf lower harmonic'-

.content at higher’frequency operation, easy control of'

harmonic contentn ’by modulating the sine re eren'ce signal

\

(V ) and the inherent property of volta pe"___ ’tz control,
would make the delta modulation compatitive with“’eine'

- ' modula(ion techniquee for applicatione in ac. motor driVes,\ :
‘;‘ /* ' particularly. PM eynchronoue typee. 'Delta modulation

techniuqe gives rise to higher harmonic contents at low.

frequoncy operation, but the dominant - harmonidl in such low
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frequency operation are -the higher harmonics ‘beyond the 7th
+ . . 4 : , I . ‘,'_ ’ .

since ‘the -
d"caminen;' hérmo?‘xié _f.x:eqpel_ncies a.x:e‘_ the. h.{'éh‘ fx."equéric, o:xlxes, _

. they can .be ealsiiy"_fi_.ltet.gd .'out..' “This is another ,édvdni:age '
of delta fr\bduilatio.n over sine modplqﬁic;ri.' | |

- _.-' ,'

e A o i

e, .




CHAPTER 3

’

This chapter'vcovers'. the basic operation of ‘delt‘a

modulated inverter with 'pAssive' loads. « The analytical

[N

results obtained for delta modulated inverter ‘in previous

. b 4

resistive and R-L 1loads. .Inverter 'equations are ~|ueed to
predict, the lo'adl'i:urrent, pov'ver, voltage and power factor.
The validity of some of the features of delta - modulated
inverters are verified ‘with - passive load conditione.
Theoretical results ar‘e verified experimentally for a single

, ' .phase full bridge delta modulated inverter with passive R and

‘3 1 Analysis of Delta Pwu Inverter with Passive Loads

’
f P *

Like other inverters, ths Output of ‘a delta

ed-inverter. is non-.-sin_ueoida_l .and contains harmonies.--

* The® harmonics together with th'e "ﬁundan\ental (oo‘mponent,-

s determine the performance of ‘the loads under study. -In delta

o [
L modu'lated inverter, it is shown in the previous ehapter that

-

* 7 the ':harmonio\'i_:ontents '.’“ such that, at"lower frequency of

¢ - ‘operation, .the lower harmonics' are insignificant and higher

;5\ e w harmonics 'vare do;ninent'. ' For high Erehusncy_ operation, 'Ithe” |

dominent harmonics are lower harmonles but at reduced

chapter are used in predicting performance of passive loads

_with inverter supply. The :passi,ve loads coneidered are'
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magnitude. The dominent harMonics at the output of the delta
modulated inverter determines- the current ahd power to a

given passive or active load. For passive loads, the

harmonics'affecr the'gprrént, bbitage‘;nd-power of the load

and‘ determine the waveshape of 1oad current as well.
However, the hagmonic componente have other implicatione when

the load is active and dynamic.

3.1.1 'Basic Equations for‘ Passive Loads fed. with
Inverter -

In-cpapter—z, the basgic equetioﬁe for- the harmonic

~ determination of delta modulated inverter output volrage, are

developed. The voltage at thé output of the inverter is

" given by the following equationss: L

|

. vV = T (X-COsenrt +.B Sin g é)' 3.1.1
(valid upto base frequency)
L e 4v"' " R
V. = . I —2 sinn t T 3.1. 2
° . n-1,3... nx : R '

. (valid beyond base frequency)

where the ;6urier'coefficientevAn,!ane B, are @efiqed in
- ! K

equation h ( 2. 3‘2 3 ) and (2 :3.4).

| | Upto baee ftequency, the nth Voltage harmonic is

given by

-

L 2 2y1/2 . 3
Von (An‘ +B8.%) S _ 3.1.§;

) For frequenciee beyond the. baee frequenoy, €he’nth

harmonic voltage is givon by

=, N 4

',
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v = 8 , _ 3.1.4 !

on nn

.

For passive Toads wifh-eiﬁher k or R-L combination, the 1oad~

J

_ current ’ can. be determined by using equations (3 1. 1) to

(3.1.4). The nth harmonic impedance of ‘the load is ggyen by

L 4

) Zn = R +nwh - . ' S . 3.1, 5
R . T o .- _ ‘D c\
_where R = resistance in ohm o o ~—
. n = harmonie number
- - w = 2nf, the angular frequency (red/sec) S , :
- ' lL = inﬁhetange in henry g o c o .

The load impedance value and the magnitudes of the

»

" harmonic voltagesAcan be used to-determine the loaquurrent

Y

.and power delivered by-the inverter to thetlbad._ -
. - I“( . -. ‘
The cu”gnt harmonics are given: as:
/F V'? | ' .’
I I - on - . . . . ’ 3.1.6
. em T Z T ' N
' “The r.m.s. load current is given by . .
| 2 2 20 . 2172
: I 1 I I
e w201 02 03 on
Real power -£o the load einube found by the_equatien L
o ‘. . .. 7;? . .Y,,z . ‘ K .' . . o\ .
Also the hatmonlc aurrent aquation (3 1. 6) can be '
_ uaed to determine the Lpad éurreﬁt waveshape as: _Q' ' _m;f. -
‘r . : N . ‘ - _‘... - . -rJnn t -. . .‘ t Coe ' .' R 3 i
' R R DR S In d’ ¥ L AEEEEE C 30109 T
® “. ) o‘ - ‘n-‘ ) - \r ) ' " . N . ! N _ll_ . . . II"
.' * . L b - T 4 ) v S Pl . -
. '.. " - * ' 5‘ ¢ - " - : d
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. These equ‘ations' are used i'n’analysing the

performance of R and R-L loads, fed by the delta modulated
inverter. 'I‘he results are verified experimen.tally

-~

3.2. Verifioa{fion of Re_sults 'with' Resistive "Loadu

For a resistive 1load,’ the im_peda'nce *value 1in

* circuit .of Fig. (3.10) is the resistance R, which is
'fre.quenoy i'ndependent.' Hence the determfn’ation of resistive

load performance becomes easy. Equation\;i (3.1. 3) to (3.1. 7)'

g/ive the. expression's' for the invertlr output voltage and

r.m.s. current to the resistive load [z R].

Power consumed, by the_resiative load is

:.)l. ' ..2‘ , . .. N ' - .
Pioad Irms‘R' P C e 321

'I‘hese equ'ations together with harmonic current
equations de5cribed in section 2.3. .1 of chap‘tsr 2, were

solved to find the resistive load behaviour with delta

modulated inverter. . Unlike other inverters, the current at
a

.’lower frequency operatidh for-resistive load s found to be

higher.,. For resistive load. the higher-harmonics -near ‘the

ripple frequency oEE the carrien' wave',;contribute

b

significantly towards the load ourrent 'and power. As a-

result, at 1owsr frequsncy of operation ths currsnt and power

are higher.‘ As the fraquenoy of operation 1s increased,

these higher harmonics are: reduoed in magnitude, wheteas- the

0 .
o N . , . o

oo e C P , r"\

.|
oy
1
|
,'
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:-Corresponding numerical values of the results are 1ncluded in -

-(current waveshapee fo

. 3-6

current and power due to the fundamental increaaes. These
e .

results are verified bath by theoretical calculations _and .by -

experiments. The analytical ‘results -and the experimental

results " are giJen ﬂé ‘Figs. (3.2) and (3 3) respectively.

Appendix VI. The results -ghow a good agreement between the
theqreticel and experimental results. It velidates the -
comments made 8o far for the regietive.loed ehaviour fed
from .delta modulated inverter. The effect * change of
modulation index (m) is also shown on the plote. _Since the
load is resietive; the-current\hAS the same vaeehape‘aa the

inverter  output voltége; It has the same harmopic contents

Hz and 95 Hz operation is shown in
oecillograph Fig. 3.4(a) and .4(b) for V = 5 5 and vR
6.75 respectively) .The reeulte show tﬂL general trend of
increasing voltage, current end power upto base frequency and
these’ ‘become constant beyond the beae Erequegc§, Pouer’
factor is constant throughout the entire operetion.‘ Dueito

reeietive load. its value is unity. .: "t_/

N
'

TR

. K e ) v H
© 3,3 Verification of Results with R<L Load -

:r':} *

¢

- The study of inverter with R—L load is important
for; further investigetion ‘of the performencee 'of moto:"
drives. "Apert £rom ' some aotive dynemic aourae, the motor

1oed to the inverter il' a, COMplex R-L loed. . The basic

P s
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approach for such study is already outlined in section 3.1.

The key. equations for performance analysis of R-L loads are

described in equation (3.1, l) to (3.1.9). I .
equatione are aolved to get the
-The plots of

and power "to load- characterietics; as

' changes are. shown in Eigs;f3;5(af to® 3.5(c) and"$.7(a) to

" The current and power to the load.
baée; frequegcy and then”istart droping d wn' beyond base
. - ! M . \\ i

o e

The analytical results Bhow that for the R—L load,

. the load current and active power ‘follow. the desired pattern

The higher harmonics with
larger magnitude at wa frequency of- operation do' not

load current despite their high

i :
y |
i IR
) , LY ° \
‘ ‘o
Inverter
. performance characterietics for,.Réh' load.,.
current
‘ "3.7(c).
" R frequency. S, ’_ .l "
: required for a.c. motor .drivee.
- contribute much -to. the
magnitude.

‘ripple frequency of th

of the harmonics.

harmonics take place at higher frequencies (at or near- the
. \ [}

Y

these harmonic are low as X1 of the load is. large at high

frequencies. Thie resu te in prominence of ‘the " fundamental

component for the whole frequency range of\operatio:; ‘A8 a-
'reeult the voltage seen /by the load is mostly the fun amental

. voltage comp0nent whi

hae a linear constant characteristic

beyond the base frequ ncy.

‘frequency

increases upto ™

The total" impedance is dependent on the frequency

Since at 1ower frequency ‘the dominent'

carrier wave), the current due to

The aﬂalyticalyresults.obtained-'
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- Fig. 3.6(a) Theoretical current waveshape of R-L load fed
* f.rom DM inverter - .
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Fig. 3.8(a) Experimental current waveshape of R-L load at
50 Hz o
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from equations (3.3.1) to (3.3.3) are presented in Fig.'

(a) to 3.5(c) for 20 to- 120 Hz of, inverter operation for

= 5. 5V, 6.50V and 6.75V respectively. The’ results ahow

upto base frequency,” the current. end power to the load
. . . . .

'increa.' These. qnantitiea drop down as freguency of .

operation is gra'u ly increased beycnd base frequency. This

is becauee beyond bade f"

characteristlcs, whereas the impedance of R-L load increases-

)
‘with ingrease in frequency ‘of operatioh. As a result, power

to the load decreases-togethér with current and po\v'ver:f'actor.

of ‘the load. The effect of changing modulation index m in

‘fnverter is to change the basé frequency of the inverter and

also to 'change'the harmonic -charecteristics o"f inverter

Output. So if with R-L load. the modulation index of

_ inverter is changed it is expected that ‘the. base frequency

will change and the load current power and power ‘factor will

chan,ge too.,' Thes effect of changing (V ) is. evident in
results of the Figs. 3. 5(a) to 3.5(e).

"Since the voltage of . the inverter output is

modulated and the load is. R-L, it is expected that the

current waveshﬂve of the R-L . load will 'have a sinusoidal .

waveshape \tfth prominent ripplee sitting on it. T‘nis current

\
wave has lower harmonic contents as well. Equation (3.3.4)

is used to find the nature of ‘the-load current_for VR = 6.75V

and 5.5V. These -are preeented in figs,' 3.6(a) and. 3.6(b)

) Iy

uency -the voltage has constant

e e
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respectively for 50 and 95 Hz of operation. The changeein
modulatlng index m (or Vo ) has the effect on current
waveshapes. As VR is increased, the~rlpples on the sine
cufrent'waveshepes-dec%eases, beeéuse of the lower number of
switching of inverter geies.in each cycle. ,

The above”,tﬁeeretical' results are verified

expetimeﬁtaliy under the same conditions as specified in the

) enalytical -éase, The Figs., 3.7(a) to '3.7(c) “"show pﬁe'

-Jﬁariaiions'of‘tﬁe load ciirrent, power and power factor with .

‘

variable frequency_input to the load.. The'plots also show
the effect of changing V The numerical data for plots of

Figs.: 3.7(d) to 3. 7(c) is included in Appendix VI. The °

experimental load current waveahapes are pictured for 50 and
95 Hz operation. These are shown in Figs. 3.8(3) to 3.8(b)
for Ve = 5.5V, G.QOV ‘and §,75V_reepectively. It is evident
fhat" the experimental results, and analytical. resulte are

close enough.’ Variations in experimental results are due to

the commutation interval between ‘successive| positive and

negative pulses at the inverter’houtput. e effect of

commutation ;néegyala were not considered in|predicting” the

analytical results, However 1in practic

intervals ere:aiwaja there in a thyristor inverter ciécuit;-

RN
Pl

me

' cqmmutation~"

="

S RPN




.to alternate systems. i

CHAPTER 4

¢
»

“ The most versatile and’ reliable . variable speed
drives are the cage rotor induction m7tors whose epeeds are

controlled by Variation of stator frequency. The: common

method of supplying a.,c. motors now—a-days is by the static_

voltage converters  and inverters. To meet the'various

requirements of -the motors, the inmerters“require complex

control Circuits. The.harmonice it the in'v.'erter.»ontput

‘determine the s'teady etete' and transient performancle.of the

motors.  In this chapter, tﬁe operation of a single phase

induction motor on a variable f‘quency supply with delta

modulated 1nverter is examined. : .T‘ne’analys‘is and

experimental verifications of the steady gtate performance of
single phase_ induction motors are bhased 'on full bridge delta
modulated -inverter e'uppl'y. T l, . o

{g - Y " ’ . ' : . ’ £

4.1 ‘Induction: Motor as Variable Frequency Inverter Fed
Drivea' j : . .

motors because they are controllable and readily available. ‘

In practice, most of these drives . are induction motors. It

has been the desire of manufacturers to very the speed of

inductioh motors by -electrical meena. 'I‘hie : aim has been

technically possible for some years due to. advances in power

lelectronics and now available at cqnparable cost and qualkity"

The majority of 'induetrial “drives . are electric\

S
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.'voltage supply. These are

4-2

.+ A 'standard induction motors is essentially a

constant speed machine when supplied from the mains of fixed -

voltage and fixed frequency.- The rptoi,speed erof induction

motor is given by. : o - ‘ S [ )
- -=(1-s)120f S SRR
N. P ) rpm . . T 4.1 l.
where
£ =,frequency,of.aupply'cla )
N - N'r' ' R SN
s = glip = f_ﬁ;f—" | - - )
» s .

" P = nuimber of:poles
Né = gynchronous speed

The relation for induction motor speed snows that a
continuous speed variation is obtainable if the motor is

supplied from. a variable frequency supply. Also to maintain

a-constant torque,_themflux_should-be nmintained constant

t

which can be achieved by a linear voltage “variation with -

. ) b
frequency. '

There .are basically three modes of operation of'

a.c. motors when operated from Variable frequency variabla
- Constant torque mode:
the flux is maintained conatant, which'reguires a
linear V/£ variation»f |
- Constant power mode 1 o | -
’#, the voltage is raiaed as’ power factor drope.

- Constant voltage mode.

“
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-- In fact, the control via frequency and voltage
. i L

variation confers to th¢ motor torque-speed characteristics,

TR

which are similar to \those of d.c. motors (Fig. 1.2 of

chapter 1) when the fréquency ‘and voltage are done ‘in ‘such a

way that V/f is constant up to base frequency and remains

constant beyond base frequency (Fig. l 1 of chapter 1) “In

inverters, the .outputs. are essentially square waves. To

ordinary voltage " source ‘inverters or in current sourCe—

attain the- desired torque speed. characteristics in such

. inverter fed motors, it is usually required to provide

additlonal control circuitry using feedback from the shaft of
the motor to change the ' frequency and tHe wvoltage. lhe
variation of voltage initiates a*double conversion process in
such inverters due ‘to the 7dditional voltage control, usually

a controlled rectlfier or a variable ansformer added to the

input - side of the inverter. Also, gince these inverters have

high harmonics at their output, proper filters are required-

to eliminate dominant tharmonics to reduce high frequency
losses in the motors. On the other hand, the PWM technique
eliminates the. double conversion process by incorporating

inherent voltage control techniques . inside the inverter

N logic. Some basic PWM techniqueg now in use\for a.c. motor

drives are mentioned in section 1.3.1 of chapter 1. These

PWM techniqhes have,better harmonice elimination methods than

‘the ordinary VSI and CSI's. With PWM technique, it is also

od
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possible to attain anf particulay mode of motor operation.
However, this Ican be achiew/

inverters by ihEYéas;ng the complexity of the controls. The
proposed delta modulation technique has the wunique
characteristics of aéhiéving the tJo.of operating modes,'the
cohstant torque @ﬁd constant volt]ge mode of mQtor drives
without any additional control c'irlcuits.u The constant V/f
charactéristics'up |to bésébfrequeﬁéy required for constaﬁt

S .
torque and. constant power operation of a.c. motors, are

¢ . o
inherent in delta modulated inverters. The following section
analyze and verifies the results of performaﬁce of éiﬂgle
phase induction motor fed from full bridge delta modulated

inverter. .
o

4.2 Harmonic Equivalent Circuit of Single Phase Induction
Motor . ‘ o '

The equivalent circuit is ‘derived from double

revolving field theory. Since the inverter dutputs contain

harmonics, it is necessary to take into account the effect of

all dominent harmonics in the motor perxrformance. To do this,

the basic approach is to replace thé‘equibélent circuit of

in commonly used sine 'PWM -

\ - o .
motors with their harmonic equivalent.circuits. The modified.
. - A} “ ~

harmonic-equivalent*ﬁircuyt forwgin lé‘ﬁiase.inéuét;on.motor

is given in Fig. 4.1 [36,37] ’
where -k = harmonic number

kxé = kth harmonic reactance

K
e N N
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Fig. 4.1 . Harmonic equivalent circuit of a single:phase

;......__ -

induction motor _ 4+
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. 14
r,, = kth harmonic rotor resistance
) kxl = %th harmonic stator leakade reactance
‘ .a=____-___kn1-'nr o : \ ‘
y & e k -
Ik = ) _current ,
v, = kth harmonic voltage .

E = back emf due to forward _rota{"i‘:ing field due to

kt:.,h,har:moriic voltage |

Embk = back emf due +o backwalrd rotéting' f‘ield due
“to kth ha.u:monic' voltage

The nat;ure of varliations of; r’eactances, . rotor

resistance and slip due to variable supply frequency .and

harmonics are formulated in appendix A.

For the equivaLent. circuit shown iniFig.-4.1° t'he‘ :

kth harmonic current is given by -

N I, = B T 4.2.1
Tk :
.where ZTk = sz + z-bk + 'rl o ' Lt
(ZTk‘ Z,, and r, are defined. and formulated in appendix I).

If the eqhivalent circuit parameters for the motors

.are known, it is possible to determine the motor currents at

vgriout? frequency of oper’ation; for determining the étea‘dy
state performance of l-phase induction motors. "
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~effects of pulsating ‘torques produced in inverterbfed motors

4.3.1

1

_due. to interaction between flux produced by different’

harmonic currents.

4-7

.

.Steady State Analysis of l-Phase Induction Motor
Fad from Delta Modulated Inverter

The following steady state analysis neglects the

s ¥

‘ Ll

The single phase induction motor model of Fig. 4.1

allows one to determﬁe the fundamental harmonic currents.rto

4

the motor (Egn. 4 2. l) if the corresponding fundamental and

harmonic voltages at the inverter output are known. ThQ--J

I
output voltages of %he delta modulateg inverter is defined in.

equations

raevolwving

given by

3.1.1 to 3.1.4.
The developed power due to forwéxrd and backward
Y ‘

field of kth voltage ﬁarmonics are LA
p =12+ .58 ST 4.3.1
gfk k £k P _

2 . . . I S
Pobk T Tk SRy 432

The torques developed due to- the ¥th harmonics

T :._1_'

dx " kKo (ngk _‘Ap,gbk)' : ‘.4"'3.'3,'

g

Internal power de‘veloped \due to kth harfonic is

Tdk = (l—Sk) wa Tdk -~ , ' N o ‘ ' ' 4.304

Copper loss due to kth harmonic :I.s ' '
T , . \

Pou = Sy ngk + (Q-Sk) P'gbk d._3-.5"l \

<

ORI I
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] . . .
and input power due to kth harmonic is

_— 2
Prx = P + k gfk+ (2- s) Pgbk + I, 'rl 4.3.6

r Solving equation;,! t4.2.1) to (4.2, 6), the responses

to the individual harmonic voltages .can be found for ourreﬂt,

» i

power andv-torque of the motors. The individual responses for, )

°

fundamental and narmo'nice ai'e superimposed to pred,ict t'he'

steady state performance of single phase inductipn motor fed

from de,lta modulated inverter. The details are given ih“

(appendix A‘)‘. L : - 0
4.3.2 Theoretical Results . -

. . 9 '’ . v
/ "The s8ingle phase induction motor. model ‘and

theoretical analysis developed so far has been used to find-

the performance characteristics pf two eingle phase induction

motors of 1/4 and 1/2 hp ratinge.. The. motor perameters used

.

for analysis are listed in Appendix A. ' ,

Pesformance-cha'racteristics for the two motofs are

pfotted in

The general i' trehds of « these pe‘rformance curvee a{:e as

follow'e'-" upto the base frequency, the motor current, power
] ‘-;

factor, developed maximum . torque and efficiency increaeea

with increase in, frequency.of operation. : Beyond base, the

) ;)gq/ 4.2 to 4.7 *for various modulat-ion" index.v-
. ' s .

-
v

ireq.uency,o power factor, .motor current ahd maximum pOWer"

developed have al.moet ‘constant profile with a amall_

v

detc?’easing natire at ‘high speed. - ) ' - -,

.
R — 5 ot e i e
L] ‘ "




\

.. A e s

3
N
4.
B
'
\
'y

, .
. ' .
"\ R " s
| . I.‘.‘n‘ } - ' . ’
* ’ - 1 " ':’ * "l" R :
~ - o« r'
] - - ' ' .
- A ’,. \ . . ' ) 3 " ’
PR . v ' o4 L] )
Y\ " “\ ) " \ 3 ', - . v ¥ , .
, ] ‘
N ' . .
L ‘ * ¢
X [
l . 1 !
A .
. | e
: N
,1‘ ’ ‘ Al
" N ‘ .
s .~ B . N -, ' T, s . v . R ' . 2
AN g ' : . : - - 1
.nu . ' 'o“ ot ! ‘o“ ! ) 2.“ : 2'.“- ." 3.“ . . \
L [ L o .. ’ . \‘ ‘ . . . ;.i o .\ P . _I [ . :_ P
s FREQUENCY(PU)D ) A
v . X . . ) - M . ] ‘: - . " 5
'rheorotical performance charactarisitqs of a Loy
'~ < .1/4:mp, ‘luphase-induction: ‘motor . fed from DM L
inverter (VR - 6 75V) : . ‘ .
“ ! '\ : . ‘_‘_ oo R . ‘a .)' N Lo . . "‘
'-"; K e * K [ ‘\" [ . ¢ .
. R . . T e " N v ) : : N
°‘ ' ' P ’ .\. . .“ . ! ) ' N



RCCH

R Ll e T L

Now
o

prs

O '. ' ’
; EFF VS F.

oob+

v M
REEE

—q

R
faafe "y L]
N o' Ay
.-';"%.‘ : 3 ¢
N "., .
. A
K »

" T
B
e '-'u

. vt

T ,‘1nverter (VR" 5 SV)

:'FREOUENCY cPu> LA

¢ )
N
- .
]
n )
U I .0
. t L]
.
! . '
. - Il
s ’
8.59

f t.
’C“
3

. A :
. .

Thoorotﬁchl P rtormance characteristics of a -

174 'hp, l-phase 1nductioh motor fed from Du

e ¥ at T ¢ W T

e o T L s BT




3.
I
:

I

CPU -
1.78 .

'8.49- 4.26

+2.B8°

gdop+
v 4'u

£FF V6 F
Vs F
Vs F
VS F

cod ! ? .

£ ‘& —~ N . ) "

o.58 :‘h57 e : , 2e§ﬁf 2.0
.. FREQUENCYCPU) A

Theoroticai perfbrmaﬁcc charactchbtics of a
1/4 hp, le=phase inductibq mot

1nvcrter (VR -7, SV) '

1) h
' ‘y

9;~fed ‘from DM

— ———— B e -
~— -

!
i




e . _._ T

( t
/"\\ -
S 4-12
'y
Mot ;
\
E 4 3 -
'; —
S | . l
+ EFF Vs F° '/
8 ,\’ a I vs r /I
I x oTVvVSF, /
OPVSF !
ke
&
e T
A .
>
v o Al . l
v s
R
©
‘. 2 ] 2 'l
o ) - : - . . —
} ., ©.89 1.00 : a.sa 2.08  2.60 3,00
FREOUENCY(PU)
-ng;'4.5 Theoretical . performance charactcristica of a

1/2 np, l-phase induction motor fed from DM
1nvertor (VR = 5, sv) .

€]




~ ' 4-13

.
E' .
o [T
P R . 4 EFF Vi
8 E v , A IVSF.
o [ o ' - - oTVvSF
| gPVsF
P .
0
~
o T

_CPW
1.50
B

R :
© .
g . » . .
° N T _ R ) .
2.8 - . 1.00 ' 1,50 . R.00 - 2.509 . 3.00°
FREQUENCYCPU)
Fig. 4.6  Theoretical performance characteristics of a
. 1/2 hp, l-phase ‘induction motor fed from DM
inverter (VR' - 6 75V) co




\ '
. |
4-14 A
> \ !
. ) ' i
R o -
R
o [
o EFF VS F 0
: g Vs F ) ;
o [ VS F !
) VS F
\ o
(v'.
& [
o .
m .
LV 8 S
4 ‘ 2
h - .
e [
8. .‘ 3 P C o 4 s 3
® . — : -
e.5¢ . 1.00 . .18 ' 2.8 g 2.8 3.0
h FREOUENCYCPU)
. a e LY
Fig. 4.7 'rhooretical performahce characteristics of a‘ ; T
- 1/2 ‘hp, 1-phase induction’ motor fod from DM S
. '1nverter (VR = 7. SV) ' . - :
]
‘\




e e vt~

4-15"

On the other hand, the maximum torque developed at
the airgap has constant charactefistics upto the base
.frequenéy and decreases beyond the base frequency as
fre'c-;uency‘ of operation increases. Speed variation of the
motor tﬁough not, shown in the characteristics curves, has a
,iinear variation with'freqqqux.. The.Chénge'in modulation
ihde? éhanges:tﬁé base frequency of:motorfope;atiogzand that
is ézigent ffom_thé various plots withfdifferent modulation
1nde£.‘ As a'resqlt-of'éh6qqe iq tﬁ% base;f;édﬁency with’ o i
, modulation iﬂdeg;'thé range of motor Bbergtiop.on:éénétant
torque and constant power médés, cﬂanges"tod. Théf’othér
effect of changing £he modulation 'j.ndex ig to "'c‘nange the : A
harmonic behaviour of the.invertgr outpﬁt voltageJ This:to |
is' reflected in the plots for diffefen£ p&wef, .to;JBS:)
current and power factor' Values,'atl-thg' égme. oéeratiné ‘
frequéncy. ‘The maximum devéLoped torque, power'faétpr and
efficiency increase with "the ipc;éaaé _of' médulatién

increase.

4.3.3 Experimental Résﬁlts_

Two single phase indugtiénIMOto?s of 1/4 and 1/2
hp, 60 Hz, 4—pole,_115V qptings were run from single ‘phase
.full " bridge delta -modulated inverter. The steady state

performance of the 'motors were 6b£aih9d' for variable

e e A, e -

freduéngy operations. The results are included'in-Figs. 4.8
to 4.13, Figs. 4.8 to 4.10 containttheirésuita-for the 1/4 .
I ' ‘. &

g
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" hp motor while the plots of Figs. 4.11 to 4.13 contain the
results of 1/2 hp motor. The performances are plotted for
different’ modu‘.&tion index at V = 5.5, 6.75,- 7.5V in these
plots, res‘pectively. "It is evident from the experimental

results that the performance curves for motor current, power

. factor, mini_mum power developed and efficiency of the motor

_show good agreement with theoreticai reeul‘ts. However, the

maximum developed torque variations ‘‘with frequency at low.

modulation ind?ax) show considerable variation with frequency

at - lower frequency ‘of operation. From the experimental

plots, we find that with lower modulation index with VR = 5.5

and 6.75V, t'hl maxipum’ d’eveloped torque has an incréasing
_ ; . } ) )

trend .at low freguency operation. It shows the desired

)

Opé:Qion. ‘Beyond the base frequency, 'the performance curve

has the desired decrees_ing maximum developed\-'_torque as

oredicted for all-m‘odulation'index. The linear increae‘ing

nature of maximum torque ‘at low frequencies dieeppea.rs to a

—
certain level as the modulation index is increeeed. Thef.'

variation ‘0of experimental torque characterietice at low

In theory, the delta .‘-mo'dula'ted inverter output keeps ‘a

C e . . .
constant fundamental voltage "to frequency characteristics

upto base frequenoy.' The analysie dooa not inc’orporate t‘he

-

commutation intervals provided between qucceasive pulees at

q RN

”oon_stant torque upto base 'frequency at higher frequency :of

frequencies for lower. modulation irn'dex‘ can be explained as:

. . .
e e e e e e i e o ot e e ] e Mot A ot =
.
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> te

the inverter. output. . When the number of cohm{utatio'ne is low

the intervals do not affect the output voltage—to—frequency

ratio Bignificantly. The reason is, the voltage drop due_to Lo

N - N -

the commutation is -insignificant. - But as the -number

-

.9
. commutation inereaees, the reduction of voltage due to 'qhe

~
. L]

.commutdtion intervals become 91gnificant.r‘A3'a result the

inverter output cou1d not maintain the constant V/E ratio in
- SRR .

practical applications.ﬁ It has been already stated in

Y
B [
s 3 Lo

.'chapter 2 (section. 2. ‘2 and? 2 4 4) that the commutation number

_ per second is'%trictly dependent on the modulation index.‘

The lower is. the modulation index, the higher is the number
. RN
of commutatione. i'. This. is reflected i'_n__'mot.o_r torque

1

characteristics in’ practice., At' l-o‘w'ex:"modulation index for

! ' L

_low frequen.cy operation, the number of. commutation isg

excessively high whic°h resulte in loyer 'voltag_@-at the

inverteq/ output. : Th‘i‘s c.aus"es the ‘.'m',oto"r torque
. E . s 3 B R ) " R

characteristics to folloy‘a ingreasing linear uafiation with

-‘ °

" change in frequency. 'l\s the frequency of operatiop is\‘

1

,incregeed,,the humper of commutation decreaees and the motor .

1 . 1]

attains -its deeir\ed constant torque -characterietice ,and

maintains this “conetant torque characteristics ‘u upto  base

frequency. When the modulation index is incr:e:sed,. the

N
- linear tncreaee in, torque characterietice dieappeare

. altogether due to lower number of commutations as s'nown in o

Eige.. 4 9 and 4 11, This ehowe that EY- ;the “ motor

L

’-
.

!
(I
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- ’

char terie;ics as predicted in the.theoretical analysis is

"to g obtained,ythe'moduxation index shoul

-

‘be kept high to a

optim. 'valﬁe 6r the voltage variation the input of the

inverter has to .be done with variation

n

opergtlon.‘

of frequency of

However,AmheJ%irst choice ia the !.pferred one,

v b

o‘l
.

beCause the secon& method will requlr

a feedback from the

conversion.process, which 13 not desired in PWM inverters. :’/)
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CHAPTER 5

- ) )

The requirements of a three phase deslta moduylated.

inverter logic are - a three phase sine. reference wave
generator, a delta quulatoi' circuit for each phase and the

proper logic circﬁits'.for production of gating signals for

the thyristors of the three phase invertérs. The three phase .

sine re'fference -ivave generator was deai'gned and built for such

an inveﬂrte'r logic. ‘It comnsists of a squdre wave generator,

the o'utput of which is fed to a ring countér to produce a

A)

three 'pﬁase square wave. The three phase square wave |is

converted to constant amplitude triangular wave through a

DCAS™ and an integrator circuit. It is then passed through
FETs to give the desized 3?-phase sine modulating wave. The

modulator circuits are the same as use‘d in single phase

implementation.' The sine modulat:.ng .waves are fed to all

t‘hree modulqtor circuits to produce the switching signals

v

w‘hich are processed by logic circuits to get the gating

eignale. 'I‘hia chapter gives a description of each aection

&
'
.

n e * L
LI A

involvea in\a 3-phase delta modulation logic implementation. '

5.1, Three. Phase 'Délta Modu’sl'at-ion Circuit ‘Design .and
Implementation N ‘ : ' - '
‘ ‘ LI »
DeveloPments of single phase delta modulated logics
| b
are extended in .developing a three phase delta modulator, the

design dnd implemehtation of which are deacribed in the

‘

v

n S —
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following sections. Essentially a three phase modulator for
delta modulation consists of three phase reference wave
¢

generator, the three modulation circuits and :-the logic

circuits for three phases to prodqce the required gat.:ing

signals for the thyristors of 3-phase inverters. The -

important factors in a three phase modulation are to generate

cofnstant amplitude three phase sine wave to _fé,e.d the

modulation circuitsg, choice of maximum number of commutation .

to ensure proper.th§'ristbr~ operation ‘in 3-phase inverter,
synchronising the modulated wave and carrier wave and

fiMlally, the choice of 120° to 180° conduction modes of the

inverter switches. . ‘ o r

5.2 Three Phase Sine Reference Wave Generator -
-

‘ Many methods ©of producing three phase sine wave

generator were put‘forward in the past [38-45]. In Yost

cases the techniques use ana.lo_g circuitry in which a single

phase Is‘ignal. of .fi:xed frequency "’o. is generated. This signal

is modLlated by t:wo or three phase square wave eignafs 6f a
. .

frequency w higher than Wy bj the desired frequency so that
, St _ .

the modulated signal has frequency components (u t iuo), (3w = -

wo) +e.. @te, dqing lowzpas's filt-..'er,' 41l the high

frequencies are filtered out, leaving only the signal of the

desired frequency (w - mo)-. . The hybrid method of generating
Y ' ’ oo ' o '

low frequency sine wava signpl 'is reported in reference If45]g

&

f

~,

-

[

R,
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A completely digi‘t'al method is reported in reference '[41].
The digital method uses a PROM containing values of Sin x- for
32 steps between 0 to 90 degree.s; The programmed values

\j
along with other digital signals are used to produde a

-digital sine wave. The scheme hXever, is expensive and

n

complicated. For the present purpose, ‘a hybrid circuit for

producing sine waves proposed in referen&e [39] is designed

and implemented. The\ci:Zl. is slmple and there are fewer
components when compare “Methods in reference [38-43]. In

the present scheme: ) three\.pl‘xase .square wave .of variable
frequency is generated first. FEach square wave is used to
produce ,a constant amplitude triangular wave which is then
shaped to a sine wave. characteristic. of the drain current: of
a FET for a drain voltage variation between zero and

pinchoff.

\

Fig. 5.1 gives the block diagram of the scheme

used. The . scheme has three distinct section.. A V/f

converter generates the variable frequency square wave. From .

the square wave the 3-phase square wave 1is generated by the

circuit illustrated inf/Fig. 5.2.2, the logic development of

. which. is shown in Tablé 1 and S 2. The. last gection in the

scheme uses a DCAS and a integrator circuit to: com‘ert the
square waves to a constant amplitude trianguxlar wave. . The

triangular waves are shaped to the desired sine wave by FETs.

No attempt.has been made in the present implementation to

s-

¢

-

e B i ¥ e

— et t .

e e e
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illustrated in Fig, 5.4 for 60 hz operation.
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control the amplitude and phase sequence of the reference

A

waves, which however can be accomplished easily as described
in reference [37]. The practical implementation cj

included in Appendix F. The outputs: of the ci

5.2.3° Modulator and Logic'Circuits

For 'th‘ree phaee implementation, the modulatio'n‘

'c1rcu1t th’e ‘same’ as that of aingle phase implementaticn'

. s
circuit. Three identical c:.rcults same as Fig. 2.4 were

-built .and fed from the 3 phase sine reference wave generator.

The ‘r-es-.ilt"ant.output at the modulator circuits are ~shown in

"Fig. 5. 4 However, the . switching waveforms of the inverter-

are generated by using a different logic circui& for the

)
three phase inver.ter. .In single phase inverter. circuit,
every alternate pulse -of the modulated wave was ,\nsed to .

Bwitch ‘on a pair of thyri‘stors‘.- But in three phase invert'er

circuit. the logic is deVeloPed in such a way that the pulses.

“in one half cycle is used to awitch on'. a pair‘of the

-thyristofe. The timing diagram of the signals for main and

commuta:tion thyriatore are shown in Fig.. 5.5_ and the logic

'circuit diagram is ahown in Fig. 5.6. The practical oix"euit'

for implementing the logic diagram is given in Fig._A..7 of

Appendix E. The switching signals ,a.fter-mod_u_lating with high

' frequency pulses, are illustrated in Fig!{ 5.7.

I
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R
The logic cirouits designed and/developed for the

three phase application was successfully tlested by running a

}

3 phase bridge inverter. Detailed study o

three phase inverter is under way.
!

beyond the scope of this thesis.
J . "

It is

\

£ th? loading of a

howewx_e.r considered
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- is because the harmonic :eaofanceé for ‘nigher’rde'r harmonics
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CHAPTER 6

} SUMMARY AND CONCLUSIONS -
g )

Al
L]

Ir\ this thesis an analysis and implementation of’ / .

the delta modulated inverter has been carried - out. The
» » -

analysis includes a study of delta modulation technique for-

(
inverters and the application of the delta modulated invé{ter
F O ’ - :

. Y . . . '
. to passive and induction motor locads. The feaftures of delta . ’

modulation, namely eas}.. implementation, lower harmonics at

the output of the ir{;r\%rter, transition of V/f characteristics -

~ -

from multiple pulse mode to single pulse mode, easy harmonic R
. i

and commutation control have been verified theoretically and )

experimentally for a single phase delta modulated inverter. v

A Fourier analysis was done for the delta modulated wave. It

has ¥been found in the dtudy that the ‘parmonic‘behaviour of

delta modulated inverters are such that at the inverter
1LY ’

output,” the harmonic voltages are. high at lov'(, frequency

operation and 'low at .high ‘frequency operation. However, at
. f

[

low .freéuéhcy operation, the dominant harmonics are higher

orders; and at high frequency operation, the dor\ninant
' v j . 2T
harmonics are lower order. As a congequence, when the- DM

inverters are used for R-L load or motor dynamic loads,

) .

higher harmonica in the load‘. currents are attenuated. This

a -

¥

: _ : . )
at low frequency operation are* high and for ‘lower order /

E]
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In analoy circuit implementatlﬁny the above

the conventionally used Bine PWM ‘technique. A brief )
r - Ad - .

" features -definitely give delta modulation an upper hand over

comparison of sine PWM with the proposed delta modulation -

scheme has been made. In analog implementation, though delta

. ‘

modulation has an edge over sine modulation, 1t is yet tO\be

determined whether this will be the same . when delta

modulation is implemented with the help of microcomputer3»

’

The analysis of delta modulation has been used in

. ’

predicting the performance of paeeive and notor dynamic loade

with inverter ‘aupplies. ‘The: paseivet loads considered are

resistive and R-L loads. For passive load performance,

inverter equations -are used to-gredict load'current, power,

» .
voltage and‘power,‘actor. The validity of the features of°

‘the delta modulated inverters are verified 'experimentally

with passive loads. . \ T

In the.ptudy of the motor'performances with,delta
’ : .

modulated inverter aupply, single phase'-induction ‘motor

performance in the steady state mode using a delta modulated

inverter ‘has been studied. To meet various requirements of

" motor’ drives, conventional VSI, CSI and sine PWM invertere

require'complex control circuits. Harmonica at the inverter

'-output influence the ateady state and tranaient performance

of euch drive systema. Sing phaae induction mptor

‘performance for ‘two . 1/4 and 1/2 hp, motors have been analyzed

and verified experimentally. . The ‘analysis and verifﬂ59tion
' Y

ot o
1

‘
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A , -

»

harmonies at high _frequency operation are high. . This high-

reactance vdlue at different dominent harmonics 1limits the
harmonic load' curren»t. ' The theoretical results of the
harmonlc behaviour of th% delta modulated inverter routput was

verified experimentally with a spectrum analyser.

~

It, has been shown theoretically and experimentally'

that™ the moQulator output voltage’ has an 1nherent fundamental
). -

'voltage-to“-frequency variation, which is essential for ac

Toe

' S
‘motors to have characteristics like" ,dc motor i.e. = conetant

L]

torq'ue_. and ,constant. power operation wit'h, variable - frequency '

supply. ‘ R : L e
The varia‘tion of tH'e level of. mo}s}ulating eine wave
)

- signal on the harmonic contente of the ‘\inverter output has

»

been etudi.d. With lo:: modulating signal level at the input.

- ;
of the modulator, an increaae #in numberf
o .

of pulses causes

v
‘nincreaee in the harmonic content, whereae‘\he high modulatin,

" aignal level at the input of the mo%}lator decreases the .

number of pulses per cycle, which causes a reduction in the

TSl
< L

harmonic content at the inVerter output. -This ensures an

easy way of controlli‘g 'the harmonics at the\‘ - inverterj

-

output. A changing modulating eignal also has the effect of

changing the, number of comlnutations in inverter operation.

»
The maximum number of cemmutations per cycle in the inverter,_
"depends on’ the modulating eignal leVel besides other circuit

' _parameters. .

.‘ ) . r (', ' ) .. '

& e e o
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of steady state performance included determination of motor*®

current, power, power factor and efficiency at variable

-frequency operations. N, The analysis showed that the delta

modulation technique provides certain features 1like V/f
variation, harmonic cdbntent and ease of analog implementation

which would' make it a very useful technique for inverter

motor drives. -The successful experimentai study of single

-phase.nwtors with delta modulated inverters indicate that

delta nmdulaiion is unique in ‘variable speed drives. . It has

been Found that motor .performances with delta modulated

inverters is oomparqble to those with sine PWM drives esing

e , .
additional control circuitry for harmonic and‘V[f controls.

+

Discrepancies in torque-speed characteristics at low

frequency operation with low modulating signal level has been

a

explained.

oo E}nally, the study ‘describes the analog

implementation of a three -phase delta modulation circuit for

.generating switching waveforms for a three phase invefter.

The requirements of 3 phase inverter logics are a sine

-

referenc Vﬂbe generator, a modulator circuit for each phasé

and a propef logic circuit for producing switching waveforms.

for the main and commutation thyristors of .a three phase
inverter. The three phase sine feference wave geneg\tor was

designed and built for such an inverter logiec. ' It consists

‘Qf a sqdare wave ganerator, the output of which is fed to a

. -
.
1

.

e

e e Nt e vt
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ring counter to produce a 3 phase square wa've. The three
phase square wave 18 converted to a constant amplitude
triangular wave through a DCAS and an integrator circuit and
then passed through ‘FETs to give the desired three phase sine
modulating wave. The modulator circuit consists of three

identical 1l-phase medulat,or circuits) The sine modulating

waves are fed to all three mod'ulator-ci,rcuits'fto produce the .
switching waveforms which are processed by logic circuits to #
~get: the proper' gating signals. .4The three pha"se delta

" modulation circui-t was used to run a threé phase inverter.

The testing of the three phase ac motors fed from the 3-phase

delta modulated inverter is beyond the scope of ‘this thesis.

The theoretical and ‘experimental load current

waveshapes have been compared for an R-L load. The 1load
current wave shapes are of particular interest in designing

the commutation circuit of the inv\erters and choosing the

’ -

. filter sizes at the output of the inverter.

(.

RECOMMENDATION FOR FUTURE WORKS

A «

implementation of delta madulation for. inverters with passive

and single phase induct‘ion. motor - loads. Design andl

implementation of a three phaae circuit for a. three phase
inverter has been completed. But a deta,iled study of . three

phase inverters with loads has not been presented. With

The present work contains the analysis and analog .

-
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these points in mind future work in the area may be stated as,
follows:~-

(a) A detailed study is to be made of the delta modulation

'technique for three phase inverters is to be done. The study

behaviour when fed from delta modulated inverters.

(e) VA/cbmparison'of delta modulation with Wine ﬁndulatioq

‘can be 3ndérta}<en‘ in the " future, and after-th@t only the

may include delta modulated inverter fed passive and Active
loads. . Active lo;ds!!hh be elther induction motors .or
synchronous motors.'Bésides providing constant power Brofile
in ac motor characteristics in variable speed operation, the

V/f ‘ramp characteristics would provide good starting

' characteristics fox synchronous type ac. -machin_es. This is

especially needed for éync‘hronous xﬁachineh using. .p_ermanen't
magnets as their’ excitation. .
(b) Steady.statg analysis haséyéié,doﬁe for l-phase

induction motors. ' The study may c¢ontinue with the steady

staé% analysis of.three'phase ac motors and their transient

N

R

technique has been made on the basis of analog imﬁlementation

only:‘No attempt has been made to implement delta modulation

for inverter opération with microcomputers. The complexities-

and requirements involved in ‘microprocessor implement!i&on

meaningful ‘compgrisdn' of delta modulation with the sine

'modulatiog_techniqha-can be established.

-
N

N

|
1
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(d) As load is applied to an inverter output, harmomic

distortion of the input current at the dc side is introduced

in the system. This input current waveshape is important in

desi:_:;ning effective filters .for the‘ input side\of the
inverter. l

(e). Inverter applicagionq are not limited to variable .speed
drives only{ They have wide.use in induction hea;iﬁg a;aJUPS
systems etc. In the ups .systeni, delta Am'odulénti'oxi ' for

inverters may be attrla'c‘tive for th'eif excellent low order

harmonic attenuation . and low - commutation rates for high"

moéglation index values.' This po'ssibi]'.'ity for delta’

modulated inverters for use in other applications .s'hould be

studied and explored in detail.r

pa———




s e

R - A AT 12 e At = -

REFERENCES

King, K.G., "Variable. E_‘réquency Thyristor Inverters for
Induction Motor Speed Control", Direct Current, February
1965, pp. 125. .

[y

Kirnick, A'!, and ‘Heinrich, "Static Inverter with

. Neutralization of Harmonics!, Trans. '‘AIEE, Vol. 81, May

1962' ppo 59-680

P

Turnbull, F.G., "Selected. Harmonic Reduction in Static
. DC=AC Inverters" Trans., AIEE, Vol. 83, July 1964, pp.
374-378. o o -

'Schonung, A.,. and Steimmler, H.,’ "Static Frequency
Changer with Subharmonic- Control in Conjunction with -

Reversible Speed AC Drives", Brown -Boveri Review,
Aug/Sept.. 1964, pp. 555-577. ° . : , :

Mokrytzki, B. , "Pulse Width M'odu-lated'Inve_rteré' for AC
Motor Drives", IEEE Trans. on IA, Vol. IGA - 3,
Nov./Dec. 1967, pp. 493-503. '

Adams, R.D. and ,F,ox,' R., "“Several Mo_dulué;lon Technique
for PWM Inverters”, IEEE Trans. on IA Vol. 3, No. 5,
Sept./0ct. 1972, pp. 636-643. L : S

Bowes, S.R., "New Sinusoidal Pulse Modulated Inverter"
Proc. Of IEE' Vol- 122' No. 11, 1975' ppo 12 9_12850

Klifnaq, G.B. and Plunkétt, A.B., "Development of a
Modulation Strategy for a PWM"- Inverter Drive", IEEE
Trans. in IA, Vol. IA-15, No. 1, Jan./FPeb. 1979, pp.
72-79. : - : :

A3

Trevor, Grant and Thomas Barton, "Control Strategies for .

PWM Drives",’ IEEE Trams. on IA, Vol. IA-16, No. 2,
March/April 1981, pp. 211-215.° : v
Bowes, S.R. pnd Mount, M.J., Microproceeaor éontrol of
PWM ' Inverters", IEE Proc. pt-B, Vol. 128, 1981, pp.
293-305. ' _ oo

\_ﬁrant, D:A. and Seidner, 'R..', ."Ratio Changing. in ,Pulae" .
‘Width' Modulated: InVertera" IEE Proc., ‘Vol. 128, pt. B, .

No. 5, Sept. 1981, pp. 243 248.

.- Bowes, 'S.R.. and. CI.ements, -RsRs,s "Microprocessor Based

PWM Inverters"™, IEE Proc., Vol. 129, .pt. B, No. 1, Jan.
1982, pp. 1-17: S . B B _

Coadh aakd -

S ko ol o P s =y

B e




[SNDESY

13.

14.

15.

16,.

17.

18'

19.

20~
-~/

21.

22,

23. '

24,

R-2

Green, R.M. and Boys, J.T., "Implementation of Pulse
Width Modulated Inverter Modulation Strategies", IEEE
Trans., on IA, Vol. IA-I8, No. 2, March/April 1982, pp.
138-145, .

Cook, B.J., 'Cantoni, A. and Evans, R.J., "A
Microprocessor Based, 3-Phase Pulse Width Modulator,

"IEEE Ch. 1682-4/82/0000-0375, 1982, pp. 375-383.

'Pol-lman, .A., "A Digital Pulse Width Modulator Employing
Advanced Modulation 'I‘echnique", IEEE Ch. 1682-4/82/0000— .
-0116 1982, pp. 116~ 121

Bowes, S.R. and Clare, J.C., "PWM Inverter Drives", IEE

Proc., Vol. 130, .pt. B, No. 4, July 1983, . 229-240,

Buck, F.D., Gistellinck, .P., Backer, D.D.,."Qptimised
PWM -Inverter Driven Induction’ Motor Losses", IEE' Proc.,
vol, 130, pt.-B, No. 5, Sept. 1983, pp.'§10—320.f

Zubeck,. J., Abbondanti, A., Nordby, C.J., -"Pulse Width
Modidilated@ Inverter Motor K Drives with, Improved
Modulation"”, IEEE Trans. on IA; IA-11, NO. 6, 1975, pp.
695-703. : : ‘ o

Patel, H.S. and Hoft, R.G., "Generalized ‘Technique of.

Harmonic Elimiration on Voltage Control 'in Thyristor-

Inverter"” Part-1, IEEE Trans, on. IA, 1973, pp-:
310~317. T _ S

Patel, . H.S. and Hoft,' R.G., "Generalized Technique of

‘Harmonic, Elimination on Voltage Control in Thyristor

Inverter", Part-II, IEEE Trans. on IA, IA—lO, 19744 ppu
666-673. . . -

"Buja, G:S. and Indri, G.B., "Optimal Pulse Width’

Modulation ‘for Feeding AC Motors", IEEE Trans. on IA,

_IA-13, 1977, Pp. 38- 4;4.

‘Nonaka, .S. and Okada, H., -."Me't.ho_da' to Control Pulse

Wldth of Three Pulse Inverters”, .Journal of'IEE Japan,
vVol. 86, July ]=972" PP 71-790 ’ . -

Bedford, 'B D. .and I:l'oft\‘, R.G., “Principlea of Inverter
Circuits”, John Wiley and Sons .Inc., 1964.

Buija, G. S., "Optimum Output Waveforms in PWM Inverters
IEEE Trans. on IA, Vol. IA-16, No. 6, Nov. /Dec. 1981,
pp. 830-836. ' oo s -

3




25,

26.

27.

28.

29,

30.

3lv

:_32'.

3.

34.

N 35.

36.

37,

No. 3, Aug/l982 pp. 201-207.

R-3

Dewdn, S.B. and Forsythe, S.B., "Harmonic Analysis of ‘a
Synchronized Pulse Width Modulated 3 Phase Inverter",
IEEE Trans. on IA, Vol. IA-10, Jan./Feb. 1974, pp.
117-122. ' -
\

Huang, 1I.B. and Lin, W.S., "Harmonic Reduction in
Inverters by Use of Sinusoidal Pulse Width Mcdulation",
IEEE Trans..,on Control Instrumentation, Vol. IECI-27,

°

.Bowes, S.R.. and Bird, B.M., "Novel Approach to Analysis

of Modulation Processes in Power COnverters Proc. IEE,
Vol. 122, No. 5, May 1975. '

Ziogas, P.D. and Photiadis, P.N.D.,. "An Exact Input
Current Analysis of Ideal Static PWM Inverters", IEEE

- Trams. on IR, Vol. IA-19, No. 2, March/April 1983, p.

281 295,

~Jackson, S.P;) “Multiple Pulse Modulation- in- Static

Inverter Reduces Selected Output Harmonics", IEEE Trans.

‘on IA, IGA-64, 1970, pp. 357-360.

"%2iogas, P.D., “The ‘Delta Modulation Technique in static

PWM Inverters", IEEE Trans. on IA, March/April 1981, pp.
199-204. . 4

Jones, D., "Delta Modulation for Voice Transmission",
Electronic Engineering, Jan. 1978, pp. 49-51.

k
Misha, Schwartz, “Information, Transmigsaion Modulation
and Noise", McGraw-Hill, . 1980, PP 140-155. :

Cattermole, K.W., “Principles of Pulse Coda Modulation",
London ILIFFE Books Ltd,.,, 1969, PP- 198-218, >

Carlson, A.B., "Communication Syatems, An Introduction
to Signals and Noise in Electrical Communicationa". 2nd
Edn., McGraw-Hill, p. 326-331, :

Walden, J P., Turnbullf F. G., "Adjustable Voltﬁgenand
Frequency Polyphase Sine Wave Generator IEEE IA
Conference Record 1974, pp. -1015-1020. ‘> . ;
Murphy, J.M.D.;'"Thyristor Control ofa\AC Motors",
Pergamon Press, 1973. , )

‘Fitzgerald, AME., Kingsley, C. and Kusko, ‘A., 'Electric

Machinery", 3rd Edn., MtGraw-Hill, 1971. . °

‘)

v




et den

—pm—

38,

39,

40.

41.

42‘

42.

43.

44,

45,

46,

47,

48.

R-4

Ramamurthi, V.P. and Bellamkunda, -Ramaswami, "A Novel
Three Phase Reference Sine Wave Generator for PWM
Inverters", IEEE Trans. on Ind. Electronics, IE-29,

Aug./1982, pp. 235-240.

Parasuram, M.Ks and Ramaswami, B., "A Three Phase Sine
Reference Wave Generator for. Thyristorized Motor
Controllers", IEE Trans. on Industrial Electronics and

Control Instrumentation,. Vol. IECI-23, No. 3, August’

1976, pp. 270-276. v

F

Ben Zion Kaplan, "A Versatile Voitage‘ControlIQd Three’

Phase .Oscillatdr", IEEE Trans. on Industrial Electronics
and Control Instrumentation", Vol. IECI-26, Aug./1979,
pp. 192-195. : )

v
Samir, K. Datta, "A Novel 3~ ~Phasg Oscillator for Speed

‘Control AC Motors, IEEE Trans. on Industry . and General -

Applications, Jan./Feb. 1971, .pp. 57u60.

Clarke, D.J. -and Paresh C. Sen, "A Versatile Three Phase
Oscillator” ;. IEEE ‘Trans. on Industridl Electronics and
Control Instrumentation, Vol. IECI 24, Feb. 1977, pp.
312-316. , . ’
Peterson, W.E., "FET Converts Triangle to' Sines"
Electronics Aug. 31/1970, pp. 69-71.

R.D. Middlebrook and Richer, "Nonreactive Filters
Converts Triangular Wave to Sine Wave'", Electronics,
March 8/1965,. , PP+ 96. : -

J.G. Graeme, G.E. Tobey and L.P, Huelsman, "Operational

Amplifier Desigh .and Applications New York,
McGraw~Hill, 1971, pp- 385-391. )

J.P. Walden and F.G. Turnbull, "Adjustable Voltage and

Frequency Polyphase Sine Wave Signal Generator”, IEEE
Trans. on IA, Vol. IA-12, 'No. 3, May/June 1976,  pp.
312-316. - '

Dewan, S. B. and Straugen, A., -"Power Semiconductor
circuits", Wiley Interscience, 1974..‘

Gyugy and Pelly, "Static Power Frequency

Changers - Theory, Performance ,and Applications", John:

Wiley and Sons.

: . N
Bowes, S.R. and Clements, R.R., "PWM Inverter Drives",

Proc. IEE, Vol. 130, pt. B, No. 3, May 1983, pp.

149-160. .

PRI

PR N

o\

|
]
]
i
!
.




APPENDIX-A
Single Phase Induction Motor Model for Inverter Drives:
Most static frequency converters generate an cutput
voltage waveform with significanﬁ harmonic conrents. So it

is customary to replace the conventional-a.c., motor models by

their harmonlc equlvalent circuits to analyse the performance

of motors theoretically.. The basic analysis for slnq*aaghase o
(run with main winding only) 1nduct10n motors ubes an

_equivalent circuit derived from douele revolving_field theory

of operation. The equivalent circuit .for sinusoidal input
voltage. may be modified for harmonic voltages and currents.

The equivalent circuit may be -adapted for kth harmonic

voltage and current as shown in Fig. 4.1 which is redrawn in

o

Fig. A.l.
where
f k = harmenie order
k.= ¥th harmonic i:rrent
Vi = kth harmonic voltage '
] r, = stator resistance
kx, = stator ieakage'reactance:due to kth narmonie
current |
, Loy = rotor resistance due to. kth harmonic
kx2 = kth harmonic leekage reactance of tne rotor
Ebfk = back emf due to kth forward revolving field
‘Ebbk = back emf due to kth backward revolving

) “field L
. v

- \ '
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A-2
' r kx, 0.5 kx,
1
e "0.5rak
mfk 0.5 kX¢ ' _ _Sk ‘
Vk r L
. 0.5 ka s *
. T 4) T 5051,k
E O.5kx¢ - .o
mbk | ; 2l.sk |
Fiqg. A.l Harmon:lc eq\nvalent cj.rcu:.t of l-phase 3
1nduct:lon motor. - : ¥
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slip of kth harmonic field

1]
Il

k
=knl—n
knl
n, = fundamental frequency \\_‘
n, = actual'érequgncy of the rotor

Once the harmonic ed@ivalent circuit parameters are

-

'@ known, the harmonic currents, torque and power can—be found
readily. If Vk-be;the_Harmonic_voltage-then ,
. . \ v . - RN i
) S ‘ 3 TK _ : y A ' . :
. where Zog =2 1 zbk + ry ’ N
ka = kth harmonic impedance to forward revolving

field ‘°

T2
= (q + kaz) Il JIxé

= ’ . ©
' Ree * I¥yee . D -

° . Zpyx = kth harmonic impedance to backward revolving : %

C , o field

rs. '
= QT?R) .'-+ J’Tcxz) ITakxe = s

: “',Rbk*'_jfkb_ L o ' 2

Torques andS'power developed due to ‘harmonic

gurrenﬁs are given by ‘
~ ' : - .

. Tex Ru; Fafx
= I 2% 58 . B
gfk b TN s if 3
S ,

: -
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l ’
T = =—P
o bk Kms gbk
[}
n
T = LI T
fk x=1 k .
n L]
P, = I P
d -1 kd
i Y x ¥ ~
! n . \
: a : P. = I* P. w
. I k=1 IK s
PO = Pd - We
- .'4‘ .
. P . . -
. R ° .
.. efficiency n = P
v I
o - . b 4
. " Po
. ahaft torque Ts ™ {1-8.)48
A g |
. < 4 &
. ™ : P -
’ o = f '=_0
; power factor,p. . VI ) o
- L] o‘

'If the harmonic voltagea and the actual slip of the

“

motor is known, the- eteady state performance i.e. P,T7,1,V and

g e
.

efficiency at variable frequency operatlon can be found using

'the equatione developed so far. However the model does _hot:
. “, K @ ‘
- ' take intp account the 'skin effect of increasing frequency on

. the rotor reaietance. A correction factor ranging from - 2-3 !

can be used for-ekin'effect._ Moreover aimplificatlon can-be f

r

'achieved by conhidering slip due to "high frequency harmonic
. field equal to. 1 which is a feirly good approximation [36]
The . effect of pulsating tOrque ‘are- glso neglected in this

model fof simplifying calculations. : .

e . - ! N -

-
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AbPEuDIx-
Delta Modulation'; Circuit Implementation and Lo ciic .Circuit
Inve\'\ter:

Delta modulation techniqué"for the PWM Inverter

for Producing Gating Signals for Thyristors of t

requires ‘a ver_y simpl,e circuit implementation, provide

[}

smooth transition' I‘}etween PWM' and ;ifle pulse mode of
P

Operation and offers constant voltag er hertz'0peration
.. 4 B

without the need of additional circuit complexity. - This

L N

.

¢

window extending equally above and below the reference wave. .

<

The ‘maximum window width and ‘the - maximum slope Qf carrier/

[ 4

",

*© wave dete_x:mines' the, maxi_mum_. switching frequency of \the

S . LT N T
inverter awitches. ' ' *

modulation technique are illustrated in Fig..?..z.- Fig. 2.4

« i

shows their respective circuitf implementation. The modula.ted

~signa1 can be’ processed through a 1ogic circuit illustrated

o,y

:Ln Fig. 2.12 to p!oduce the signals of timi ? diagram of Fig.

g
-

2 ll of chapter 2. /

In Fig. 2. 2471 is the modulated wave generated by

r L1}

comparing reference sine wava («v ) with carrier wave (v Yo

ALY

Vs is the d.c. logic power supply,voltaqe. .

"

-method utilises a sine ref{arence waveform and delta shaped &

'carrier waveform is" allowed to oscillate withixf ‘A defined .

Fig. 2, 4 depicts a circuit capable of producing the

waveforms of Fig. 2.2,

[y

Some of the voltage waveforms associated with the'




. :__\_r____‘ —_— -,.'-_

of carrier VF at the

~

Operation of +tHe circuit f'can be explained as

follows: Sine wave vp 1o sfipplied to the input of comparator

Al, carrier wave vy is generated by the integrator A, as

follows: Whenever output Aj exceeds‘the upper or lower
window boundary (preset by R /R ). comparator R, reverses the
polarity of V at input of Az, this 'action reverses the slope

Lutput of -A,. thus. forcing Ve to

-ogcdllate around the reference waveform'VR at ripple

'frequency mf. This forced oscillation ensures that the.

F-

? [ ) . ' {

.fundamehtal component of V and referenqe wave VR,have the"

-

'same—amplitude. _V'z . ,.',".“ _ ' A - ' .'-?

. LA L : »
! A Since integrator A, is also a low pass filter.
Lo :‘ ‘N. . ).I * » ’ . ot . R . 1
r ) v . := . VIn ) . . ) . . !

~'Fn an]:c")n . Lo L a ;

where V'g and~V are hth harmonic of VF and VI modulated

' C .
wave orm respec ve y. R LT : - . . '
£ 21 13 ; R

- » .' ¥

v ' ’ . . - . ‘. i..'.' . -

‘Also._VFl‘=' R

the_re.fore_ VFI -‘Rl'c_n' = YR.-
IR . r 0

- el . ~
Lor g = VR(RlC)
A X r‘ N

. . . . B .' . . " .'~. i T.
‘ éince the amplitude of V \is‘constanf and
R v - .

v N
independent of R ‘!he rat&p =L ii‘alao constant qnd
- r .

independent’of.ﬂ +. This is true until-n - Q> at Which V ; :\\

: R v s r rb. v

A FE b M il o S
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Fig. A.2 Actual circuit connection for iogic ci:'cuits
'Eroducing gating signals of l-phase bridge
nverter .
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becomes a square wave of frequency nr. After this-V$ remains \

constant.
The actual circuit connection of logic circuits ig
shown in Fig. A.2. and ‘actual conpection diagram\for delta

modulator circuit is shown in Fig. A.3.
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‘ 7/~ APPENDIX-C
Fourier Analysis of Delta Moduation with Sine Input:
. The generation of delt‘a modulated signals *for pulse
width modulated inverter is depicted in the Fig. A.4 of

Appendix B. We define the follovﬁ\g

PN

T R . |
L o2 .
AV R VB /
3 _ '
R2 and Ré are circuit' constants . \ N

Vs_. is the IOgic power zxpply voltage
W, = ripple frequencx'of triangular wave
| ": nf = frequency of sine wave

then the equations of different waves. of Fig..'2.2 are given

4« -

by RN : ' o " .
' the sine wave is = Vr Sin n.t h
. .
upper envelope is - +Av + V Sin .t
" 1dwer envelope is ='—AV + VPn_ 0t - v ' '

1‘/"\\ i [N - o

. ‘ bR N . v

. when nr- = nrb (break freque Y), w . becomes 'a train of square
wave only: So after break freguency ° ‘

. [

F

- ‘e 8y . \

8 . \
Vo = L - ——8in n Q_t
- ? r
n-l 3' [N ) _r_" ! c ] . . [

whére harmonics are given by
<
3

R SR ' ‘ : R S
B} Von .ax . L e \«

N

.F_or' frequenciee ‘less, thah break frequency the

LY .
harmonics of pulse train can be found as’ followu ; L}

. .o .
\. A ' !
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Slope of triangular carrier wave is always
'constaﬁt, determlned by the 'R.C. icoﬁbination of the
integréﬁor; ’Let'this slope be A. In the first step we have
to deterpfhe th;zpulse Qidtﬁ 61; §, and so on before we can
carry éut the analysis. .

Pulse Width Determination for 1at Pulse:

We have

o]
it

s 3 k
? m fnr ’
1 P A R

i

AV + YR's}n at
e ' j. .. : - o

. or'\‘\' - ' . ’ . - . . - ) . vl ) . 1

S . AV + V. Bin alt, . R . : ]
.. ok, = R S .l‘.' 1. ' K . o . . x

- % 6, = “f?i
28V + AL, ) R Sin Qrti;l--'YR.SiQ‘nrti _ .
©oti= A —= '+ ——————— 7
e F - A¥(-1)
solving fhgée_equationb, tﬁe:pdise fd:@ihation time tl,:tz,
: . . . ‘ -

. For other pulses

t Y

v

Yy

apq %n wr; sqa}e :'\\\ | ,
§ = “rfl . o e ,.:_“’

are found out..

¥ L = : ' . "
o 8§, = Aty . o

R o

% ~;¥h°?° 5i“fq§1 > i-giyos_laqt'ppqu tf?mingtiép for.the hal £ -

! N
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et a1 P bty ey
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Illystration of pulse posit:lon determination of ,

delta modulated ‘wave
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a o
once the pulsé positions are known, the fouriér

&

analysis can be carried out.

Fourier Analysis:
- Let Np-="1i = number of pulses/half cycle

theﬁ
"N

N_. 8

2VB 1’1'2'3."‘.
B = — I (-1

y 141
oM 4=1,2,3,..

 (coan(6i_1-§c) - cdésf)

. von = /(an® + Bn?)

3
‘e
»> .

~ 2v P i N
Ay =2 1 (DM coswt d(wt)
=1 841 -
L] zvé’ Np i+i . ~ o . ; ' .
- =:_;~..z (-1) _ ((81n_6£ - 51njsi_l7§c?)

. ' i=1 . . g
Similarly' . : K . 0 . ‘ ' .. - ° . ' K - . | “ ..)- (
. . ' zv . . . . .!, . ' . . L . . " T ' :
_“"s Zqyitl : Loain S

A3 =37, r (-1) . (Sin361, - Sin3(61_1 GC))
s : ' - - Y
In general, - y
L av L :
_ '8 _qy i+l s _ s -
. A = L (-1) (Sin&i_ Sin n;&i_l Gc))
'and : . y

*
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APPENDIX D
Fourier Analysis of Sine PWM Inverter:Output:

The generation of sine modulated signals for the

pulse width modulated inverter is explained in Fig. 'A.é,
whenever the carriei‘ triangular wave crosses the reference
; sine modulating save: signal a pulse is produced and its
__dur;tidn is a's long \gg___i:he ‘carrier wave magnitudé“"ren_\_ains*
‘ " . _hi‘.lg'h'ei‘ than t‘n".e modulating wave signal level.
Pulse Width De.t_ermi'né.tio'm 4 - - -
Let h
. N #'humber of mbdu,laf;ihg pﬁises for each cycle
g: | R Gi = pulse yid£h of ith pﬁ%se,'. ‘

N ;

A = 3 = distance beétween successive pulse
Er = maximum car;rier‘_ wave voltage

. . E = maximum_,-r'eferencg (modulating) sine wave

-

-

val't-_;ge

B P

o, = pulse iocation . , .
W =L = modulating index s .
. . .
. r .- . . L
We know Giw Ei )

w

1\
also §,a = — . , M 4
| - i -Er-
. )
"Ei=E Sin o -'E‘lz sin {2i-1)
| ' i TE 2N "
or Ei = wEr Sin .21;]1 v = Er w | sineg |
’4
™ ' '
- ‘ | ’ ‘I'

.
I

e e mk S s re—t
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.
i
E
. i E
§i = A £ = A B | Sin © |
r r
=W | sin o, | 4 , |
- When number of pulses are kept constant (pulse’
.width) is linearly dependent on modulating index w.
: Fourier Analysis: A
ain s S Once the pulses' width and their positions are
determined, a fouri'e‘r_ si_eries expansion of modulated wave can
be obtained. - ' o R _
Since the pulse train is an odd periodic function,'
- . the itwerter ‘output waveform can be represented by a fourier:
series as
L vab = ) An Sin(not)
: i n_=l,3 PR
. . e
: where. ' ' : , -
{ ' ) =%— _[ Ede Sin(nwt) dwt
; >
for the ith pufse pair‘s . T .
. - 5 ) S
: , _i:l'. A 4+ o " '
. - ) 9 2 2 : i _
; J  An=%2 Edc_Sin (nwt) dwt = *
; - 2, 6 o _ -
2 2 : X
C for N -number of pulses, the .resultant -f'oui-iqr- coefficient
; will be : . “ \
'; ' ' . y
1 I ‘s ) X | : 1
t s - = .,' M

———— e e

Tl Ran
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, N, 2 At : .
‘Ago= ' ZBc [ . . -8Sin(nwt) dwt
ol T 2, 5 ;
v i1 704 ) .
. . 2 . T!
; 2 -'__ '8
, . g N | e . .
: = — t [-cos(nwt)] - e F—
. nw . .
\ ; 1=1 S 5!:: ' ‘a
‘: . .. L] , .: K ‘ : 5 .
, . . 28, N L2 8y
‘ - =-3S. § (=cos-n| i i]. O

) g § ..+ Cga n[T &= —"]} )
J _IAfter slmp].ifiéation . ' .. E
. rL e 4E~ N ¢ s, - . »
R A, =38 {Sin[n(i—l/Z) %1 sin n —i} o
. nt ‘nw
. - . o R ' : i“l. . . : : .
o ) . . ' ‘_“N : , v s e
T - . o : AT
' ) So . "Vab = . E, 'Ant' sin(nwt) . - , R ’
- { . ;.' ' ’ ) .nz.ll.‘ 3.'000, : . ’ _:‘ > T ¢
i Lo . ) o e . : - R g ‘ -
! ¢ .- n=1,3,... { [ L / ) ']A " 'nai } : “ o
’ A SRR > “{[ati=1/2) 5] sin (=5=) R
L AR S P R SR
. Camy - K |
h Lt ’ = -l--*—:--— . .'.t "-v"":n' r [{n(i-l/‘Z) } Sin(-_——)]
b '-‘-.~..n"'l,".3'oo--'-" =l e .‘1 T v Lo
f . o ]
} ‘n‘ ; * I'I" . ' e o . . R ' ! .
A A L . e, o " : '
.: ...' J .:f i X . . o oo™ ‘ 1: Y '-f. ' '. B {
Lo ? \“‘\ PR ) ‘\ ; .o S . : )
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" Three Phase Delta Modulation.Circuit Implementation and Logic

Circuits: N ‘ . »

- ’ ~

Three phase - delta modulated invertexr requires -

almost the same circuit implementation of single phase

circdits. For the three phase imprementation -of"’ delta

odulated logic we need a three phase reference sine wave'

L I

generator, three identical single

phase delta modulated

inverter circuits and three ident({cal single phase logic':'

~circuits for _three phases to produce‘the gating signals of: -
.

thyristorq;c (timing diagramaof wh:.ch 1s shown Ain the Fig.' 5 4,"

= . ! N

of Chapter V) e

The 3-Phase Sine Referehce Wave Generator--’ T

, As described in section 5.2 of Chapter 5 the three

J—' 'j

phase sine reference wave generated from a circuit w‘qich

converts a square wave into 3-phase square wa’ve, -this three‘

hase variahle frequency square wave ie conv rted to constantﬁ

amplitude variable frequency triangular wave which in “turn is’

P

converted to variable 5reqdency, constant amplit’ude \s)ne.

[

waves. lJ N SR '_ ‘ ..'.H

The pr ctical circuit used for the three phase sine' '

wave gbnerator is illustrated in Fig.. A._.'l. and‘:‘circuit

diagram. L ‘ R R

The Modulation Circuit :

@, -

Theevariable frequency 3- ase sine wave is fed to-

he modulation circuit (each for one phaee) identical to the--‘

[P S ——

-

A\l
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@ . ; ' .
circuit used for l-phase mqdulation. However the circuit

parameters are changed as shown to ‘adjust the maximum

, 6 . N v 0 .

commutat}on pumber desired. .

’ ’P. The Logic Circuitz

The logic circ‘its for the implementation of gat$?g ;

A signals illustratéd in the timing diagram of Fig. 5.4 of

Chapter 5 is given in ‘the. Fig. A.9. S ' 'E
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diagram of the logic circuits

Actual circuit

ignals of 3-phase

for producing gating s

inverter

Fig. A;9
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1,217
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o
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137 . 1.45
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'.Expérimental_Reﬁults for R-L load
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J/j-Table

" L =45.7mh W=

PO

)y (g? (v) ¥
.95 . 104
5951 _106i.

108

1.0 108
109.5 .

35 '
1.5
‘1.32. 110°

- .ﬂ_f{p9;6

‘1115

s

114 1.2 0 112.8

X

'kf112.4ﬁ'

200

20.3

© 123

. 150
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Vg = 6.00 .

1 .- P 1
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. |98

29,1 .1.0 -

50.4.. 1.15
82.7  1.°

¥
130 - . 1.5
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1.5
130 “1.35

113

1.32°
M

1.65
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v

W
104.5.
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109
109.9
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113
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L3111
112,
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fiq42

':2.1”:'
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-3.08
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=7 .. _practical Results for R-Load

L YR=20a vy (D.ci) o= 115V S T

Vg =55V 15‘5? © oo vp='6.00 L 7. VR =6.75

>

v .1 P R v Coxe B I, oy 1, e e i

BRI ¢ TN VR N S (2 N ¢V BN B ~ JO IO N P R (O N TN o

20 93.8 4.4 407 4.4 '."95;7-ﬁ'4,4é’= 418 ‘;-4.6,:'_ 93.5-']4);8- 408 4.4
30 94.0 4.408 417 _ 4.5 .f‘94;i 4.46 419 4.5 - 95.5 4.46 425 4.5
f4o_ . 95.8 4.51.° 420 4.6 9§1§,Q 4;53--'435f' 3{,6 " 98.4 4.6 447 ﬂ4,§.

50 97.2. 4.6 446 < 4.7 98.2  4.61 451 ' 4.7 101 4.71 475 4.1 .

994 4.67 464 4.75 100.8 ' 4.72 ‘475 4.8  104.5 4.86 506 - 4.8

) . 101.6 4.8 485 4.8 - 103 “4.83 494  4.85 .108.3 5.03 . 545 _ 5.00
B0.__103.5.4.87. 503 49  105.6 4.95 521 - 5.0  108.5 5.07 - 550 - 5401

. - - . . . . . ’ . . /.n.""" . .- . R .
.0 ' .108 . "5.08 551 '5.02

[V,
(5, ]

5.0 108  5.05 544

!

90  106.5.4.98 530

(§) ]
.-
-

107.4~ 5.02 541

Qo
Q

100 ~ 108 5.05 544 5. 107.8  5.04. i?42'- 5.02

[

110 - 108 5.04 - 541 .10 107.4 5.02 540 -107.7 5.05 544 5.02

N
g
Ld .

o (@]

%

5

: 5

J120  167.4 5.06 551 ;:f. 107.5  5.02 539 107.4 5.03 539 . 5.0
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Freq.
in HE .
- . N
(rpm)
40 1120
s -
50 1400
-
e -
“-65 _ 1810

: ;70. 1910

80 2170
90" 2380
100 2810
110 3090

323

317
350
" 422
358

. 320

Experimental Results for Induction Motor Load

.72 3
.69
.746
i569‘
.462

120 3350 - 304.5 .403

.‘1,

«

Table

. 1/2np -V
Vg =
1t N Pam
(A?' (rym) (y)
5.26 '11005"’234
6.27 1380 309
- 1700 = 382
ras - -
8.04 1920.° 441
8057 2120 469
9.39 2400 4;5
6.60 2700 382
6:37 3050 338
6i56 %350 312
. W '

413 .

O ittt

= 115V AC
6.75V
Tam Im
(N-m) (a)
.983° 8.01
1.01 '8.95
4 - -
1.002 8,73
.933 9.44
.751  8.75
.607  8.11
'.489 _ 6.8%7

6.42

(rpm)

1220

1380

1685

1880
‘2175
2440
2735

2990

3386

R =

(W)
352
380

426

. 459

445
419

1383
356

303

7.5V

Tam
(N-m)

1.244
e

1.209

'%.13 .
- )
1?b5
.885
17409
.6098
.515

.401

In
(a)

8.06
8.09

8:%§

9.75

8.46

8.417

7.8
7.75

6.35
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‘ Table o
'éxperimental Results for Induction ﬁotéf Load
’ = 1/4 np - v; = 115V AC
- -, e . ' - ' . . Lo
- V . i SOSV N .V = 6.75V te V .= 705V"
".q- R 707 N i\\R - R
% in Hz o - I B . S ' .
~ . (rpm) . (W) (N-m)‘ (A) . [(rpm) (w) -_(N—m) . (A) (xrpm) (w) (N-m)
40 - S - - 1040 9)5 & .38 3.5 - - -
" 45 12257 90.3a .3195 3.42 - - 175 228.2 .807
50 '—-“1385. 112 1 _’..‘356_ ';_.70"1320 151.1 -.48 _ 5.15 1360  273,. .869
60 ‘1600 1740,1 i4618 .5.05 1660 . 200 .53  4.65 1590 312 .827
, b, ;- - - o ’ ' . ’ : ’ C . e P
©-70 *,1990 '226 5136 4.81 1900 247 .56  5.02 = 1900 294. .668
80 2100 250 497 5.75 2170 - 194 .55 5.47. 2120 281. .559
‘90" 2480 256  .452 -4.74 2490 238 . .42 4,14 L2425 257 4544 -
100 2750 - 249 . .396 -4.42 2770 240 .382  4.19 2685 244.6 .389
110 \3010 232 /335 4.49 3040 ~ 232 .335 4.22 3015 - 228 .3298
120 3290 226 - .2997 4.28.-3245  226. .299 4.5 3300, 219 ..2904
.i -
B ._a = " . ) - . J .
X - -~
A -

C o m——

(a)

5.85

5.7

6.’73

§.48

5.79

5.19

4.46

4.02
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Appendix G
; Motor Parameters (at 60 Hz)
.0 .
115V, 1/4 hp Induction Motor: : b
. : ‘ ) . ;
» . A
L)

rl = 2-84 Q-
T rp = 3.1042 0
x) = 4.695 8
xp = 4.695. 2
r, = 6.88-Q

rx¢ = 32 Y]

wg = 8 watts‘:'

»
N B

115v, 1/2 hp Induction Motors:
‘ry=1.375 9 -,
SR o
X = 1.92 .
X2 = 1,92 Q ,
. : , :
x0 = 18.54 0
) - -7
Weore. ™ 141 watts

Wg = 49 wattq

- _‘"core‘ = 74 watts §

/

. T
L) = 0.0124 Henry

:L2'='jﬁl24;ﬁénry_ -
L, = .085 Henry
s
L, = 0.00509 Henry
Lj = 0.00509 Henry .

i
! .
I -,
Y
“ . ~
v
. R [
A ¥
] ! .
v
A 4
. 1
. , o
. AN . ' ”
. .' : »
o .
’ . -
f L : '
< ,p’a/ el -
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APPENDIX H -
; o
v Computer Programs: ¥
. 1. Fourier Ané@ysis'of PWM Inverter ' L
4 (Number of pulse ke§£~donstaﬁt)_ ' o
. 2. . Fourier Analysis of PWM Inverter '
j ' (Modulation index kept constant) )
: 3. Foéurier Analysis‘of»Deita'PWM'
‘.4, Performance of passive loads fed from DM inverter
- .Perfo:mancé of -1-phase Induction Motor fed from DM
'inveytér S A
6. Determination of .loadg current aneshapq» for - passive
loads ;
, "7. Determination of number of commutation in' DM inverter
. ' ! . + o ’ kS
4 . . S :
| ' o .
. ,' '
r
s '.'- T .
nd " ‘
- o . . [
. N .1 ‘ !
e * 5 ! ' ' ' )
) .f' S | :
2 \ , : . . P M
’ % . ‘o . t
- \‘ ¥ ' !
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FOURIER ANALYSIS OF PWM.INVERTER .

. DLCI>= I TH PULSE LOCATION . T :
THETACID= I TH LOCATION . . .

DELT=DISTANCE BETWEEN SUCCESSIVE PULSES
N=NUMBER OF PULSES PER ALF CYCLE
W=MODULATION INDEYX ER/

ACNSD=" NTH HARMONIC AMPLITUDE
'ANCNII=AN/A1=NTH HARMONIC /' FUNDAHENTAL

DIMENSION AC200>, THETAC200),AAC200), ANCZBB)

~ 'CALL ASSIGNCH, ‘HM1 .DAT*>.
-CALL ASSIGNC2, ‘HM3.DAT’)

CALL "ASSIGNCS, ‘HMS.DAT’D -
CALL ASSIGNC4, ‘HM7.DAT'>
PI=3.1415926 . :
Ve1.8

Ne1 1

DELT=PI/N

DO 68J=1,5 - . . S,
W=.05+(CJ-1.5/4.> . S g
DO 4@NS={, 15,2 . Co

-

© EDC=C4. #V)/CPINNS | : S
© SUM1=0.0 - S B

DO 50I=1 N .
THETACI)=(CC2. #I-1. 9/2 pL)
DL=DELT»W#ABSCSINCTHETACI)))
AACTI=SINCCNS*THETACID ) OnSINCCNS
SUM1=SUM1+AACID '

. CONTINVE A .

ACNSO=EDCHSUMY
CONTINUE
AlM=(4.»VO/PI

CONTINUE - - T s .
WRITECT, %D, W, ANCI) - .
WRITECZ, »3 W, ANC3b

CWRITEC3, %) W,ANCBY . »~~ =%~ °
WRITEC4, #> W,ANC7> S
' CONTINUE

SToP .
END Ce * v ' ’ o E "\

-

DO 7ONN=1,15,2- o o
. ANCNN)=ABSCACNNDD/ZAIM E v

D S e B

et s —den s

\
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59

40

70

. DL=DELT#WWABSCSINCTHETACID)) o o
AACI)-SIN((NsnTHETACI)))~SINCCNS*DL)/2) o s

A-31

FOURIER ANALYSIS .OF PWM INVERTER

. DLCI>=:I TH PULSE LOCATION. z;.b,
. THETACI)= I.TH: PULSE LOCATION- : ,
.~ DELT=DISTANCE. BETWEEN, SUCCESSIVE PULSES o
. N=NUMBER OF PULSES PER HALF. CYCLE .
. W=MODULATION INDEX ER/EC TAKEN AS 'f,.75, .5, 25
" ACNS)= NTH HARMONIC AMPLITUDE - ,
ANCNID= NORMALTSED HARMONIC AMPLITUDE AN/AYL .
DIMENSION A(208@), THETAC200), AAc200), ANCZOO)

CALL ASSIGNC1, “HMS.DAT’> -
CALL. ASSIGN(Z.’HMII .DAT")

. CALL - ASSIGN(3, “HM13. DAT*)

CALL .ASSIGNC4, 'HMIS.DAT*>’

=125 . o o - .

PI=3. 1415925
V={.8

. DO 3BN=3,13,2

DELT=PI/N = . o S
DO 4@NS=1,15,2 - L -
EDC=(4. nV)/(PIuNSD _ : et
SUM1=0.8 B S L

DO 50I=1,N. - ‘

THETACI)=( (2, #I~1. /2. )NDELT

SUM1=SUM1+AACTY ~ |
CONTINUE S ° o

. ACNSI=EDCHSUM .

CONTINUE :
AlM=C4, wVO/PL

DO 70NNe=}, 5,2 ' - L
- AN(NN)-ABSCA(NN))/%JM e -
* CONTINUE - . . . S .

WRITEC1,»> N,ANCOY =~ = - C R
WRITEC2, w3 N,ANCI1D> e T
WRITEC3. > N,ANC13) | Lo,
WRITEC4, #) N, AN(IS) : o
CONTINUE PN SR

STOP - :
END - 0 S
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C O TCIH=Y

: IFca.BE.5.00)60° 0 22 o T

N"”«NP'K ) ‘} e

- FOURIER ANALYSIS OF DELTA MODULATED-MAVE'
‘CALL ASSIGNCi,’HMB.DAT’> -~ & . <. -
CALL ASSIENC2, ‘HMI1.DAT/>. - = = °*

CALL ASSIEN(CS,/HMIS.DAT!> ~ . .-

" ‘CALL ASSIGN(4, ‘HMIE,.DAT'> Lo

. PULSE WIDTH DETERMINATION.
‘. VR=6.75

ciDVel.E

. - DO QBJJ-I 1 BT

" Fa20,+$C¢JJw10.-18.)

- S=3208. - - VR

- PTm4. #ATANCI.)D f
‘Ww2  wPInf ‘
TC1)=0.8

/‘X-(DV+VR*S;N(U»TCI)))/S T e
B=X-TC1)" - Lot

e

IF(B.LE. . 08025160 10, 18 ,'
L TC=ic1d+. 000001 . . .
L 80 TOI7. - T

. TCI=X AR A

Km1 N

DLCID=TCIIWW - = %r L

IFCDLCID-1 . s>1s 290.200

K=t - .

DO 211I=2, 3a
TCI>=0.8.
IK=I-1

C=Y=TCI>: ’ ',- ,,;i_ RS '?i'
IF(C.LE.~ 000005560 T0'20 © .  h. . -

. TCD=TCI>v.poRRBr T T 0
80°TO19

DLCI)STCIINN | '. o ey

Keket -~ N ‘ ~ |

~ QebLCTI=DLCYY LT s

NUE , " w° R S T
.PI ‘ ..‘-' o - e oLt “ ‘,:\ L. .

'FOURTER ANALYSIS S AP RN

NSmIB. e T e
' .\'I II._“"'

' DO 4ans =1, 49.2 _ ,‘21 CoT T

aA-32

* DIMENSION DL(lGB) TC188), AC100), AA(IBO).AK&iOOS BB(!BO)

o

N

X
SR
[y

i

?'.c

;
-
b

i

AT




{ .
e bt

e,
""7 ;
2
|
-~
.
L

/{.
4

_ .. EDC=C2.#VS)/CPINNS) = A

o o _SUM1=SINCNSHDLC1)) _ ~ R
A SUM2=1-COSCNSWDLC1)) . .
: © "7'DD BBM=2,NP : S -

HN.H'." ’ ’ P ..' ° \'-.' \\'. T éf . ) | -‘\

co e N R . , N S - !

e T ZmC=1 JuMMN - o N S * C
i : AA;M)-ZNCCSINCNSMDL(M))—SIN(NSn(DLCMM)))D)\\‘ IS . -

s B
oot # SmEmeLyors T
/

ot SUMI=SUMIeAACM T .
T .. ~B@ - CONTINUE . S s SR . .
T . AKCNSI=EDCRCSUMID | U o
Y ACNS)QPInABSCAKCNS)/(4 ws» 4 BN .
Sl 48 . CONTINUE: . - e T L ~
e y'S MRITECT WOF. ACED, oy AT L SR
S  WRITEC2,WOF,AC11> * : A ST
Ly © U MRITEC3,WOF,ACISd * - - - .. L :
K N URITECH, wOF, A€15>. T e T
. > 80 TO lw - ’ . L . . Q : .
200 - CCwf, T, e . |
- VS={5, o X e . >
DO 9BONK={,21,2" ‘ : | ' S
Y=NK - e ' o S S |
AKCNKD=C4, wVSD/C3. L415Y) . T I
 ACNKD=ABSCAKCNKD/(C4, uVS)/PI))'“'- : : : SN
\_. - = 388  CONTINUE . L, o S . &
o ... “WRITEC),#OF, A8 A .

: " WRITEC2,%F, A(II)_,"" - L ' _ o -
f .. WRITEC3,#F,AC13> R | RS

Lo Y -l WRITECA, wOF,ACIS) . ; N o L
|7 18g . MKEL=0.0. ﬁ“_ oo S
| €0 . CONTINUE. v Co

A - ~STOP - *
e : END

! . ’ [ ’
P “ ® ‘ @ -
‘\ . - : . \
P - . . .
[ . ~ o
| . N @ . .
‘ - ¢ : AR . .
. B L
[ BRI .
1 . . .
T . .
- o , (. - . ,
S ! . ' v .
. B ' ) c‘-‘ "
atlo v = E
Y ) . N . . " '."
. N
——ar—
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T T T e :

T : 60.00° - . .o
T\\\\\f\\\\_c. - ‘Jggtse WIDTH DETERMINATION‘\ o S

!

»

' CUDLCId=TCIINN I3 S~ ~
z "IFCDLC1)-1.5)16, 200, 2ae ; : . . B A
18 K=l : - ‘ ‘

20 TCI)=Y, I o o .
R DL(I)-TIisuw : S I - ' .
Km=iCo+ 4 N \ : !
- 0-DL(I>-DL<I> o ‘ ' % o

SR A-34

. » M ' . *
,""' B ' ' s

C ' © ANALYSIS OF .DELTA PWM INVERTER WITH PASSIVE LOAD \

DIMENSION TC\BOJ DL(ZQ@D AAC400), AV(498> AIC4802,BB(4800
CALL ASSIGNCI, ‘Al DAT') " o .
CALL @SSIGN(Z *A2.DAT’> ) - .
CALL ASSIGN(3,’A3.DAT’D ‘ . i
CALL ASSIGN(4,’A4. UAT') » -
PB=881 .25
BI-S YA L » \ S
* BV=1i5 - : ‘ _ B L,

~

N R=7.5- . . S -
DV=y,58. . o - . o S
D0 98JJ=1, 18 ‘ - ‘ : "
F=30.+C(JJn10. -1a‘> Vo _ . :
S=3100, - - . .
PI=d . wATANCI:) - C T
We=2 #PINF . o S
“TCw=, 99945 S : oL '
DTaWwTC - o \ ] g
TCmge //////
17 x-ch4VR~sxncw~Tt1)>J/s S
BaX-TC1) - . »
IF¢B.LE. .900005560 TO 18 S o
TC1I=TC1)+.000001 * : . ‘o
'80°TO 17 | ™~ - L .
18 TC1D=X , . N ~
K L : - .

. - DO 21I=2, 30 o . : S
T(I>=8.0 - . .. . . S
. IK=I={ .
19 Yi=C2, nDV+s-1<IK>>/s : o
Yz-ccvn-sxncw-Tchaa-vanszncu-T<1>>>/<s~c—1 dunId) : g
Y-Y ’ *YZ . - 4 » ) )
CmY-TCI) - . s 3
IFCC.LE. ; 800005>60 TO 2a o : _ A
TCII=TCI)+.800001 _ - ' e L
-60 TO 19 [ 4 | -

N IFca.GE, 2.9960 70 22

.!J' . .\ p : o "4.‘.
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N
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21

22

700

' SUM-SORT(SUMlHSUH1+SUM2*SUM°)

. VL=VIR/BV

[ : VAR

- ' o A-35 |

CONTINUE : o

DLCKI=PT - . -
NP=K .
FOURIER ANALYSIS

VS=110.5 ' 1

D0 4@ NS=1,31,2

EDCwC2. WS>/ CPTHNS) :
SUMI=SINCNS®DLC1D> . © - ¢ T

= SUM2=1—~COSCNSHDLL1D)

DO EeM=2,NP

CMNeMe!
MM=M-1 . :
2eC-1, Ju»MN o - ' , .
AA(H)-ZnCCSINCNS»DL(M))—SINCNS*CDL(MM)+DT)))) ' oo ' :
B (N)ﬂZ*((CDS(NS»DL(MM)+DT)—COSCNS*DL<M)>)) ' 5
~SUM2=SUM2+BBC(MD '

© SUMImSUMI+AACM)

CONTINUE - . o ~

VCNS)=EDCHSUM ,
ONTINUE - : :
G0 TO.108

cCe1.8 . | . - .

DO 308 NN=1,31,2 . .

Y=NN ‘ o .

AVCNND=C4. #VSD/CPINYY S

CONTINUE .

_R=22, : ' '
AL=,0452 - ' _ : '

‘DO SOOLN=1,34,2 : .
AX=2, wPInFwALWLN . . _

_AZ=SQRT CR#R+AX®AXD : .
ATCLND=AVCLM)/CAZn1 . 41421)
CONTINUE

- CI=0.@ : , .
VI=p.8 - . : .
DO 700LI=1,31, 2 : |
c1-c1+AI<LI)uAI<LI> . ~ ' . U
VI-VI*(AVCLI)nAV(LI))/Z S : . \
CONTINUE . - ‘ e -
CIR=SQRTCCI> -
VIR=SQRTCVID ~ .
PF=PT/CVIRRCIR) :

PL=PT/PB




J R atiiinicantand

Ty

* 80

END

. UI=CIR/BI
FU=F/F.8
‘WRITECH ,»> FU,PL
WRITEC2,») FU,VL
WRITE(C3,») FU,PF

WRITEC4,#) FU,UI -

PT=CCIRNCIR)¥R
CONTINUE :
. STOP

\
}
‘.\
—
N

PR PO

v &

R AR

e e




17

18
Y

18

. CALL ASSIGN(3, ‘AS.DAT’D

< Rim2.82
 Lim=,Q074

Pm4, . | e o o
VR=6.8 .- -

" W=2.wPINF s
~ TC1)=8.8 ‘dﬁ\k,///rw—,‘ . .

" XwCDV+VRRSINCH» 1c|>>>/ss

TC1=T.(15+,08001

. . ¢
Ky . . _
DLCIO=TCIOWN R )
K

. TCI>=B.@ , _ ) - :
O IKeI-y l K
CYi=C2, nDV+ss~TcxK>>/ss - L ‘ L
" Y2mGCVRISINCHWT CIKII-VRuSINCNTCIIDD/CSSHCE 1 nId) ° J
| YmYiay2 e . - , S
CmY=TCI ' : . e

' T(I)-TCI)+ ‘ee00R!

A-37

Y
STEADY.STATE ANALYSIS OF |-PHASE INDUCTION MOTOR VITH DELTA INVERTER
DIMENSION. T(300),DL(308),AAC400),AV(488), SC480),R2(200), X2(200)
DIMENSION XMC2@@), X4(2080),WS{200), AZF(280), AZBC200), RF(200) .
DIMENSION RB(20@),XF(280),PCU(2080), PINC288>,XBC280), RT(200), XT(2208)
DIMENSION ZTC28R),AIC280), PSFCZ 8>, PEB(200>, TDC200), PDCZGB)
REAL -NR,Nt,L1,L2, LMP
CALL ASSISNCl A1 .DATYD
CALL ASSIGNCZ,'AZ,DAT')

CALL ASSIGN(4,’A4.DAT*>
WC=37. - -

L2=.8056 | . R

- LM=_1771

R2C1)=4.12

4
9
<

———

By

DV=1.5 " | o o REUI £

DO 88JJ={,11,1 ' : b

F=20.+(JJn10.-18,; o ® \ _ :

 Nj=C128,%F>/P - . : E
NR=9Q.95a4N{ ~ —"——. . . : L .

SS=3200 - S - ;
PT=~4, wATANC1.) '

B=X=TC1D | o
IFCB.LE..DOGREXEO0 TO 18 .~ -

60 TO 17 . ° |
TCIO=X - - '

IFCDLCI>-1.5)16, 280, 200
DO 211=2,39 '

IFCC,LE. . 900905560 TO- 20 » ' -

N
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, .
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20

40

200

1 3ee

{ - 102

60 7O 18"
TCI)=Y
. DLCII=TCIOnW
K=K+1 . ) .
Q=DLCID-DLCI> . . - ' St
.- IFCQ.6E.3.88560 TO 22
CONTINUE = . ~
PLEKI=PTI N
, Vs=§18.8 © s
DO 40NS=1,49,2 o . g
EDC=C2. #VS)/CPINNS) . L

" SUMI=SINCNSHDLC1)) B RN

DO SeM=2,NP . . o
© MNmMe S T R
MM=M~1 . - ' /
Zm (=1, SunMN.
‘AA(H)-ZnCCSINCNSﬂDL(M))-SIN(NS*(DL(HM)))>)
SUM1=SUM! +AACM) -
CONTINUE =« -
AVCNSD=EDCHCSUM] )
¢ CONTINUE - . - ‘
60°TO 100 - . ' .
cC=1.0 - - . '
V5=115.0
DO 32GNK=1, 48,2

YeNK - : | e

< maiti

e e

~—AVENK=CANYSD/CPINY S —
CONTINUE . - .

KCL=0.0 . T
DO S2KN=i1,48,2 | - T
&FCAVCKND.LE..00201560 TO28 . |
SCKND=CKNmN1 ~NRILCKN®NTD . *. _

60.70 14 {)/‘§ - o

~5(KN>-CKNnN1+NR>/<K #Ni)D ' ' )
DUM=1 .8 * ' ﬂ\\\\ ' . -
R2CKND=CKN/KNDWR2C1Y . . .
TYPE®, R2CKND '
X2CKND=KNw2 , wPInL . 20F e
X1 CKND=KNn2, wPInl | #F o . !
XMCKND=KNw2 . wPIuLMuF - : v
TYPE® XMCKNY - -

. WSCKND=KNw2 . »PI

XCOM-CCXZCKN)*XZCKN))*XH(KN))+C§XMCKN)NXMCKN))“XZ(KN))
AZF(KN)-(RZCKN)nnz I/CSCKNI#N2, )tC(X2(KN>*XHCKN>)~~2 >

>




N

A-39

AZB(KN)'(RZ(KN)N*2 )/CCZ—S(KN))NNZ D+CCX2CKNI+XMCKND dnn2 )
RF CKND=CR2 CKND #XMCKND wXMCKND 3/ €S CKND #AZF CKND ) T
RB(KN)-CRZCKN)ﬂXMCKN)NXM(KN))/((2-8(KN))~AZB(KN))'

XF CKND = CXCOM+CR2CKNIHR2CKNI R XMCKND D /SCKND O /AZF CKND

" XBCKND=(XCOM+CR2CKNINR2CKNIWXMCKND D /€2, ~SCKND DD /AZBCKNY ~ ¢

RTCKNI= . 5%RFCKND+. S#CKND+RI

ATCKN)=  SuXFCKND +, SuXBCKNI#+X 1 CKND

ZTCKNIRSORT CRTCKNOMRTCKND+XT CKNIWXTCKNDD>
AICKND=AVCKN)/CZTCKNI®1., 414) S S
PGFCKN)=ATCKNI®AICKND 5WRFCKNY  ~ . - . ,\

- PGBCKN)=AI CKNI#AT CKNO» , SHRBCKND
. PCUCKNI=SCKNI#PGF CKND+C2. ~SCKND Y#PEBCKND

PDCKND=PGF CKN)—-PGBCKNI—SCKNI#PEF CKND+(2. ~SCKND *PGBCKN) ,'\
PINCKN)-PGF(KN)—PGB(KN)*(AICKN)NNZ dmR1 - . ol

"CONTINUE -

Vep.B .- .

" APD=B.8

APCU=0'.9 T : : \
All=p.8 ' o ‘

Y R L Co

132

DO '132KK=1,49,2
.V-V*CAV(KK)*AVCKK))/Z.

AI1=AT!+ATCKKI#ATI(CKKD T , v
APTI=API+PINCKK> = . §

APD=APD+PD CKK) ‘

CONTINUE

-

80

T VI=SORTIV) : : S
- AIN®SORTCAII) . . . R .

'WRITECI,F,PO °

o e = = =

PO=APD-WC . -

TO=P0/CC1=SCiIdml>

EFF=PO/API ' : . : -
PF=API/CVINAIND I S \

WRITEC2, »F,T0 - : " 7
WRITECS,wF,EFF ' . = . v 7
WRITEC4, #)F, PF.. : .

CONTINUE L _— -
sToP . ‘ - : ¥

END . b L \\




¢
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19

20

21
22

FC1d=X

. Y1=(2.#DV+SRTCIKDD/S ) .
.Ye-((VR*SIN(H*T(IK))-VR*SINCNnT(I)))/(SuC-! suslh>) B o
Y=Y {+Y2 - )

- IFCC.LE. .0000@5>G0 TO 2@

- EDC=(2.#VS)/C(PI#NS)

&

A-30

INPUT CURRENT TO.LOAD AND VOLTAGE "WAVE DETERMINATION OF DELTA PHM
INVERTER WITH PASSIVE LOAD

DIMENSION T(200),0LC200),AAC400), AVC4UG) AI(4BG) BB(400)

CALL ASSIGNC2,/AI14.DAT’)

PULSE WIDTH DETERHINATION

. VR=7 .00

DV=1{ .000 Co . !
F=5Q, ' :

S$=3200 - , - .
PI=4»ATANCI.) S . - . . | ]
W=2wPIwF . - L . | S :
TC10=0.0 : _ e : i

' X=CDV+VRWSIN(N®TC1330/S

B=X=TC1)

+IF CB.LE .. D@ORESIGO TQ 18, e o
TCY=TC 1)+, 008081 o - .

GO TO 17 L e

K=1 ’ o,
DLCIDETCIINN .,

IF CDLC1D-1.57>16, 200,200
K=t . .

DO* 21I=2,30

T(I>=2.0

TK=I-1

Ca¥Y=TCID -

TCI)=TCI)+. 008081 . . _ S
60.TO 18 - \ . . | v
TCIdaY : ' -
DLCID=TCID W :

KK+ 1 . - o, :

Q=DL CI)>-DLC1) . : '

. IFCQ.GE.3.14260 T0 22 -

CONTINUE - : : : f
DL CK)=PI . ; . o, g . !
NP=K < . ]
FOURTER 'ANALYSIS'

vs=10.5"" L

DO 4BNS=1,18,2 \

i
SUM1=SINCNS#DLC15)

SUM2#{ -COSCNSHDL (1))

-
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(el TIPSy SV

e

o

N > TR 2

>

e

. e (ol s b P TR
v ’ )

.50

40
200

300

100

580

'S

DO 5@M=2,NP
MN=M+
‘MM=M~{
Z2=C~] OuuMN

AA(H)-ZN{CSIN(NS*DLCM))*SINCNSIDLCHM))))
BB CMY=Z#C CCOSCNSHDL CM

SUM1=SUM!+AACMD -
SUM2=SUM2+BB(M2
CONTINUE

SUM-SQRT(SUMiNSUM’+SU

I

|

. AVCNSI=EDCHCSUMY

.
H

- CONTINUE .
' 780 TO 190 - \\[
CC=1, \
" DO 3@BNN=1, 19, z

Y=NN

AVCNND=C4. #VSD/CPInY)

CONTINUE
R=20.

AL=0.08

DO 5@2LN=1,19,2
AX=2, wPIWFwALWLN
AZ=SQRTCRAR+AXWAX)
ATCLNI=AVCLN)/AZ
CONTINUE

DO 1II={,50!
TT=.@B226%CII-1D
V=0.0 ' .
CI=2.0 L
DO 2U=1,18,2

- VRY+AVCI) wSINCHMJNTT

CI=CI+ATICJIOnSTINCUNI
WT=2uPInFsTT
CONTINUE

WRITEC2, #)WT,CX
CONTINUE

STOP|

END |

L

Rp

M>>-COSCNSHDLCM) D)

M2uSUMR)
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A-42

el h .

| ) v .
DETERMINATION OF COHMdTATION PER SECOND .
DIMENSION DLC198),TC1288),AC100), AACI80D, AKC189)D, BB(!BO)
CALL ASSIGNC2, ‘CN3.DAT’D '
PULSE WIDTH DETERMINATION
VR=5, 00
Dy=1..25

.DO 80JJU=1,13

Fui10.+CJJs18.-10 - '
S=3000 . . o
PT=4.wATANCI.) -

W=2, wPInF ' ' : ) »
TC15=0.0 -, R
x-CDV+VRn31N<u~T<1>>>/s L |
BeX-TC1) - . _
IF¢B.LE. .098005560 TO 18 | . Feboa
TC1>=TC1)+.000081 |, b |
G0 T0 17 : T
TC1d=X - . - '

K=1 -

DLC1d=TCPIwl

-IFCPLC1>.6E.1.57560 TO 200

DO 21I=2,30 - -
(I>=0.8 o .

TIKmI-1 L% )
Yi=(2. RDV+STCIKID/S - )
Y2-C(VR*SINCW»T(IK))—VR*SINCH%T(I)D)/(S*(~I InuId)

w YmY{+Y2 ‘

. CmY=TCID.

| 200

IFCC.LE. .0ORBRSYGO TO 20
TCI)=TCI)+.000001 _ -

GO TO +9

TCId=Y "

DL CII=TCIDwN

KmK+l .

Q=DLCI>~DLC1)

IF(Q.GE.3.1460 TO 22

CONTINUE . . \
DLCKI=PI

NP=K
NC=2uNP#F
FCR=NC/2
WRITEC2, #DF ,NC '
GO TO 100 . .
cCet - |

FCR=F

- o )
O

NCm2wFCR =
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