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In this thesis, the modelling, analysis and impl fon of the delta modulati
g i R

The) g

M:-to—dc c are

as used in P

0 scheme,‘ damentall dlﬂ‘eu from conventional PWM teshniques, -

by virtue of its self-carrier generatmg abmy. Thu intrinsic feature provides the © .’

added adh of ease of implé vultngeéonzro{

aind more importantly, a direct control on the. line humomc' ntente.,

- An aimlyhca.l model is Beveloped which provldes key mformnhon on ‘the 1 mu.x

" imum converter sw:tchmg fregy loca.tmn of dommpnt hu—morﬂcs n.nd the
PWM | s, Optimization of the delta f" SN
also cu_riéd out by means of metric-vasiations on : winglecphase;

The delta PWM technique is implemented in both a singl pha Se nnd zhm-

proach TIK/ 3t e are descrit _m Lerms of i ed .7 -,:
ions and the H " ' ar; 1 "“ usmgan FF‘T I L

algonehm, Attention has been given to the deslgn of, jhe power a.nd logic circuits’ '

' formi  to the delta modul: itchi Th ical results « g
sire pubstantiated by experimiental results’conducted o Trototype single-phade’, -
and thise-phase transistor converters. REEN ¥ AR LT

Perfannmce of the thrce phaxe ‘delta modulated converter with typical R-L,

and dyaic motor loads are alsc-considerég. The restlts indicate the enhanced ‘, 5
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Introduction -
¥ 3 2 % i e P
Olptimum performa.noe achievablé by Pﬁlsé Wndch Madulahon (PWM) eechmqm

-

ps revolutionized the ﬁeld of stahc)n,c to dc converteru Implementation of

- these techniques’ 195 been Qcmmed by the advent of pover transistors offer--

ing outstanding dmracbens cu of h:gh pnwer handlinig capabilities, fast uwitchmg

and most significantly, the nbsence of comu ion circuitry in nvert topalo—
gies. C i F‘A, it based convt are dunll hcing
" A rdplaced by folid state PWi§ controlled transistor converters, -
! nsadmon;l phase angle lled ters proved porticularly atbrs
d:}e to the inherent d: implicity, low mai nnd ease of- con!rcl'

|
aﬁmded by the mzunl commutation of thyristors. However, they 1va undcm-

able properties and )mpose certain disadvantages on the power networ Thc two

) ch1ef demerits of these convertefs are:

» low i }{awer rum;~( sally as light Xoads)




- @ : :

“Moreover, as the output voltage is decreased, the input power factor decredses,
necessitating the ac source to supply xeactwe power. The harmonics genmled
tend to pollute the power network and cause interference with other equipmentin

close proximity. In de drives, the ripple causes overheating and a general derating
of the motor. - 92 s

To tha poor perfc and enhance the cunvmlon efficiency,

‘various methods have been propoued Principal schemes for power fa.ctor improve-

ment in_clude:;
L R/ea.chve oompensnmon = %
ul Mulhphnse seclifiention

3. Sequentml-conlml 4 L w1818 . ’ o

* . : : o\
4. PWM techniques A ?

1. Reactive Comgema}i‘nn:,[,lﬂ]

Basically, this method is a ﬂ@g-npproa:h. utilizing shunt.inductor - capacitor

(LO) filters st the ac side umi;‘a'smmthing reactor in series at the wtpit de

stage. The LQﬁl!a located at the harmonic source is tuned.lo resonance at low

*  order charutnn |c harmomu The filter serves as a low impedance path for the

‘ humpmc current to ﬂow virtually eliminating their presence in the ac system. ’

" Althoygh thé scheme results in o, defirite improvement in the current waveform,
it has thé fol]uwmg dmadvmtnges (1) a separate filter is required for every major

h ic or all ival ly, i tuning is essentml toelm:unate

tmublcsome harmonic orden, (2) due to the ]nrge magnitude of current and low




b i Jarge sized inductors and Gpacitors are required, (3) the

, filter causes voltage fluctuations, and (4)it results in increased losses.

.

2. Multiphase Rectification: [2,3] .

-Since harmonic currents are a function of converter pulses, improvement in power

an imp in ment angle. The ial control msthod is com: -

factor can be uh'.amcd by maemng the number of output pulses lngeneml an

'n-pul.se h i of orders nk :i:)l where k is

any integer. As for example, a six pulse mnvuter wnmm humomcs uf orders

g4, 78,11, 18%,, . and dingly; twelve i is ch

ized by 11th 13% 23, 25%,.". . harmonic orders, This proctduxe, ubing a higher

number of phases for low order hnrmomc cmcellnhon u refcrted to as phase mul- o

r— e "

is'restricted to high power ac tode v:onwrter,
such u'ngh vnlknge de trmlmxunvn (HVDC) systems where the cost of additional
power apparatus and complu circuitry are justified.

5 Segl_lentlal Contrcl' [4,5]

Improvement in power factor is M.hxeved by cuudmg two converter bndga and
wing sequential control. In this pmcesx one bridge is maintained in full sdvance
(rectifying) or fall retard (mvertmg) and the other bridge is controlled Sinee
one converter operates as a diode bridge, the cascade connef:uon mmula'.u asemi

isi both the motoring as well as the regenerating modes, resulting in

plicated, expensive and only purtially eflctive, and hence it has found limited

uses.
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H

a direct cofftol of thyristor switching to improve performance. '

e
_ 4. PWM Techniques: .
The line ion method offerslittle fexibility i lling thyristor switch- ,

ing due to the natural commutation of thyristors by line Voltages and subsequent
conduction of thyristors on different phases. Hence, the phase angle control tech--

nique is more or less restricted as the only control parameter is thyristor turp-on

instants with . turn-off dictated by converter operation. In contrast, the forced
commutation pﬁnciple ;Ilm‘lu thyristor commutation A‘L any desired instant by
providing each ‘thyristor with its ovn commutation drcuit. In other words, the
use of foreed commutation increasts the versatility of the converter and pernits

7 -, !
‘Initially, control schemes i ing forced ion were based on

 asingle pulse approach to symmetrically trigger thyristor pairs per half cycle.

Vatious single pulse control schemeshave been reported in the literature 5 -

7] and moreover, when used:in '&' with the afortmentioned schemes;

resulted ina general i in conV Eowevex it was soon

reslized: that maximum pover factor and reduction in low order harnmmcs could

be achieved by unng multiple pulses per hn.lf cycle. This opened the avente for

" PWAR techniques, where thyristor switchings are gwunedhymmmodumm

laws such that the'sc waveform closely resembles a sinusdid. *

' PWM techniques havifyained conside abl i mmemymduémhg

optimum perfonnlncz attainable with a simple cnnverter topology. Tlxe sn.henf

features of s PWM cnntmlled ac/dc converter are: ;

+ High opepntm; power fnctpr

"+ Unity displacement factor




+ Controllability i
o Reduced filter size
Limitations of the process are: -
o Complex control circuits,
‘ . . b o
~ » Auxiliory commutation circuits |

: E o . »
" o Increased losses due to high switching frequency t

1. 1 Rev1ew of PW\M\’E?chplques o .
Vasious types f PWM:techriqués exist md cai be cnt@gunzcd i
1. Naturel Snimpling
2. Ui;lii:oﬂn Sampling
3. Optimal PWM -
4,-Adaptive control PWM

1. Natural Sampling: : s
In the natural sampling téchnique as shown in Fig. 11(a), the.switching point;
e are determined by the crossings of the modulating waveform, typically a sine wave

and an isosceles triangle carrier wave. This technique, mést commonly referred

- to as Sinusoidal PWM [7 — 9}, has the modulated wavek o

as afuncfion of the' ratio. The fi ratio or index is




ﬁ;

r

defined as the ratio of the carrier fre to dulating i The higher

the frequency ratio, the more distant the dbm§muin ‘harmonics are from the fun-
damental component. Another version of the carrier modulated ?W.technique
described above, uses o triangular wave and agénstant de reference waveform.
In this case, variation in the dc level controls the pulse widths. Similar to the

Sinusoidal PWM methdd, the harmonic content is a function of the triangular

Aoosr Fiems

wave frequency [10]. High carrier fi causes the

appear in the upper frequency spectrum. .

’

2. Uniform Sampling: 5 .

Dhis PWAM technique is based on a samplé and hold principle, with the modulating .
5 :

. " - & u
wave represented. by piecevise linear énts, The uniform sainpling approach

8 shown in Fig. 1.1(b), is essentially a derivative of the natural sampling process,

with the continuous sine’ wave replaced by an equivalent stepped version. It has

.the advantage that the sampling pulse can be made syfmetrical about the trough’

1 h

of the carrier. This results in a si

of low
“

£ i integer i ratios. The

and elimination of subl at

is particularly suitable for microprocessor implerpentation.

3. Optimial PWM:
Optimal PWM strategies are based on the minimization of cet\tain criteria [11,i2);

for example, elimination or minimization of pe

Tk S Remiiocd

rent distortion, peak current, etc. As opposed to the natural or uniform sampling
methods, optimal PWM techniques require thgi’WM waveform to be déﬁned a

priori in terms of the desired switching instances and followed by their determina-

to

hnique®

cur- .
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- L
tion throngh numerical fechniques. Optimnl PWM techmqnea are. camputuhonn.l
intensive and require dedicated for 1 impl i
4. Adaptive Control PWM: . ’ -
R ”- indiple, adaptive PWM techni utilize a “ban‘g bang” hys.teresiu control

approach to minimize a desired A)gnal (usua.lly an error signal) within certain

ritical Timits. Tn this approaich, as shown Fig. 1, the.switching instances are

jusicall detesmined by the intrsection of the exror signal vith the uppes’
and lower hysteresis boundaries, For & sinusoidal ref ignal, the modilated
waveform has & fundamental § onént ‘equl to the ref
quency asd the domriast Harmonics appear at ke ripple is. Thircfore,
by adjusting the | ia Lissite; dovsiant Timinottion can be Tativally abiftad

towards the higher end of the frequency spectrum. Fhe hdaptive PWM technique
hes a dual advantage: (1) it allows a closed loop control process, and (2) the’

. -
modulation progess inherently eliminates lower order harmonics.

he present work utilizes an adaptive tontrol PWM techniqué to generate

the &witching waveforms for ac to de conve The p d PWM technique
refeifed to as delta jon in ication terminology, hasbeen used
extensively in digigl sigaal ission. Recently, the modulation_techni

has been successfully mcmporntcd in mvcr!er and ac motor drive npplu:mmns

“[11,13 - 19]. However, its use in controlled rectifier applications 'has not heen

addressed. This thesis is directed towards a compl'ehenslve study of the delta

modulahon technique as applied to ac to dc converters.
z <.

o
*
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1.2 Objectives of the Present Work

The objectives of this thesis are to:

% ;
1. Investigate thect istics of the delta modulation technique and develop

" an analytical model to ly describe the modulation process.

2. Undertake a quantitative analysis with the perspective of predicting the

f ofaelmpvm D',,L and'three-phase ac to dc

7

3. Provide experimental results to validate the predicted results.
. B ' -

Chaptet 2 covers the essentials ‘of the modulation technique. An analytical

model is d along with'a methodology for determining the switching char-
acteristics of the modulator. .
Chnptcr s devoted to the study of the single-phase glta Modalated (DM)

. The dure for simulating the converter is explained and theoretical

rebult of the converter performgace with a resstive load are presented. Imple-

n.qpects of the are di and i 1 results are also

included. An equitabl ison of the DM with other noted PWM

converters, although desirable, is beyond the scope of this thesis. However, the

latter part of this chapter the of the DM with

d converter.

¢l ional phase angle
In Chapter 4, the three-phase DM converter is studied in detail. The analysis

dure for predi converter performance is d. Impl ion of

the three phase logic circuit and the power converter topology are described.

Expérimental results of the converter with resistive loads are provided.
.
i Rk
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Performance of the three-phase DM converter with passive R-L and motor

loads is investigated in Chapter 5. The analysis presented is based on continuous
cirrent mode of operation. Experimental results of a 1/4 hp, 120 volt, dc motor
are provided.

Conclusions and suggestions for future work are outlined in Chapter 6.



Chaf)tér 2 ) : 1S
Delta PWM Téchnique o .

This chapter is devoted to the study of the delta PWM technique as applied

’ i
to pc to de converters, The principle of operation, method of control and an

Iytical model describing the modulation process are At.the outset,
. the family of delta, modulators is introduced, leading to the developmtent of the

rectangular wave delta modulator. A practical cireuit to realize the modulator is

presented along with the control scheme used to vary the output voltage. The

delta PWM system is modelled and a numerical h for d ining the
switching instancestis provided. Finally, inherent features of the PWM scheme
’

are outlined.

'2.1 Introduction to Delta Modulation *

In cdmmunication systems, (e most inent digital encoding technique of

-
continuous signals is pulse code modulation (PCM). Several variant or alternate

‘techniques [19,20] have béen d, the rost imp class iSing delta
modulation and dllied differential encoding methods. N

Classical PCM entails the sampling, ‘quentization and coding of an analog

¥ . t12 '
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signal to a series of pulses. The pracess is initiated by sampling the analog signal
followe?}\by quantization, in which each sample is represgnted by = discrete value .
chosen from a fixed number of possible levels. f[he quantized samples are then
converted into a series of binary digits forming the code word. In contrast, the
basic principle of differential encoding is to quantize and encode changes in the
signal, rather than instantaneous sample values.

In the case of delta modulation, a single binary digit issed to describ@ the
change from one samiple value to the r;ext This digit is derived by comparing the
signal’ amphtude at one sampling instant with tbe value obtained by reconstruct-
“the sngnul from the previous dlgnts‘ Hence, delta modulation can be viewed as*
a'simple type of predictive, quantizing system and is essentiaily a 1-digit, (2- 1evel)
differential. pulse code modulation sym} Relativé to PCM,; delta modulationis

"zhe simplest known method for analog fo dng,m and digital to analog conversion.

The salient features of the delta modulati h are ized (20 - 22)

as

o a high resolution A/D interface since quantizing accuracy depends on a
single well defined step, not a series of threshold levels as in conventional

A/D converters.

o low ity resulting in i

robustness to transmission errors, and I

simple filtering requirements.

) ' e
In addition to these features, the modulation technique offers the option of cither
G N ¢ Q-

a digital or analog circuit jmpl jon. These promisi ibutes of the
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delta modulation technique make it a potential candidate for power electronic

applications. .

2.1.1 Types of Delta Modulators

. .
§ince the disccv\ry delta modulation in the early 1950's, various modifications

to the single mtegmtm- deltu modulator have evolved. The family of delta mod-
ulntoru, from a broader perspecnve, can be cntegonzed into the following three

-classes as [23] -

1. Linear delta modulator

2. Asynchronous delta modulator G w .
1 . . '
3. Adaptive delta modulator .
. .
1. Linear delta modulator .
The c}uef components of a hnea.r delta modulm‘ are a quantizer or hard-limiter,
sample a.nd hold circuitry and a filter. Dependmg on the configuration of these

elements and the type of filter employed, various modulators have been devel-

| :
oped. Figure 2.1(a) depicts a single integrator delta modulator [24] in which the

filter consists of an ‘ideal integrator placed in the feedback path. An alternate
configuration Fig. 2.1(b), designated as sigma delta modulator [21,24] uses an
ideal integrator in the feedforward path with unity feedbac!‘( close loop arrange-
ment. In the case of the exponential delta modulator [23] as shown in Fig. 2.1(c),
the ideal mtegmtor is repla,ced by an RC combmahon serving as a low-pass ﬁlter‘
Though the topo]ngy of each modulator is unique, Lhe.lr\nutputs are characterized

by pulses qua.nhzed both in time and amplitude. Hencé, from the power clectronic
} /

v




poit, this class of modulators is adaptable for mi control.

.
2. Asynchronous delta modhlator
Asynchronous delta modulation schemes [23] are e characterized by their output

‘pulses quunhzed only in amplitude and ot in tlme Tonsequently, no samplmg

(‘/ process:u are involved. This clnss of modulators derives its name by v::t\le of
b " -~ -
! the s , of »th‘e ) Fig, 2. Z(n.) illustrates o c@-cu )
h delta dul isting of a tizer and an ideal
. The parti jon termed as & lar wave delu mod-
<ulator [22) alk}w‘ i dirig of the reference signal. Since.n this eystem,

" information is contmned in the varying pulse wxdths, only the zero croslmgs of *

the pulses need be tra itted. As a result; hro; delta dul are

ideally suited for analgg circuit implemesitation. )
3. Adaptive delta modulators: -

¢ . Complexity of the delta incorporating adaptive schemes is far greater.

asynchronous moauxatm This is due to the fact that' the
5 desxgned to encode signals hn1vmg wide bandwidth cha.rnctensucs

improve resolution of the encoded signal. Various ndnptwe schemes

d, most common @ basetl on an optimal control
) strategy such as the use of a multilevel izer bt multistage delta modul
[23]. An adaptive delta modulator using a multilevel izer is shown in Fig.

“2.2(b). The quantizer level is inherently selected by the modulstor and therefore,
it can accommodate abrupt changes in the slope of the input signal. A multi-

>, stage encoder- comaigs a number of delta modulation stages, where each delta
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‘encodes the bandlimited ertor signal of the previous delta modilator.
Of the wide atray of delta modulators avpilable, the most suitable ane for &
power electronic application is determined by factors such as the power conversion
scheme, either ac to dc (rectifier) or dc to ac (inverter) and, the implementation
and cortrol schemes (microprocessor  base or aialog - base). In inverter appli-
cntians, the output frequency (either fixed or variable) also dictates the choicerof,

the delta modulation scheme.

2.1.2 Survey of Delta Modulation Strategles in Power Elec-

tronics | .
.

Recently, thé delta modulation technique hes gained considerabl —

. potential PWM schenie for tontrol of power converters. Most of the literature

on the subject pertains to the implementation of inverters and adjustable speed

o B0 gy

ac drives. Cl of these applications are output parameters such as-

variable- volts iable - fi foq or variable - voltage, constant -

frequency-operatiop which must be afforded by the modulator.
i v

tul

Ziogas [13] has impl d a free rupning lr wave delta

to control a Yolthge source inverter! Rahman, et al [14,15] have made use of the in-

herent V/f (voltage/fi ) ch istics of the jcal b is delta

modulator to control the speed of i and gnet
" motors. Manias, et al(16] have suggested its use in current control of a switch
modn ,rechﬁer (SMR), lhough px‘o\ns:on for controlling the output voltage is not
accounted for by the modulatxon circuit. Itu uge in uninterruptible power supplies
(UPS) for controlling both the rectifier stage as well as inverter swm:hmg has also

been reported 7). - &

B
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Kheraluwall, et al [18] have employed th< Sigma delta’ modulator for & reso’

‘mant de link invester. The sampled data nature of the delta modulation strategy

has been exploited t realize the switchings at the zero crossings of the link volt- P

v

age.

An optim;.l control strategy i ing a multi delta modulator has
been reported by Rahman, ¢t al [11] to improve the performance of a single phase |
inverter, The modulation system conslsts of & rectangular wave delta modula-
tor follow/ed by an active filter network, the output of whu‘_h in fed to n.uolher
rectasigular wave delta modulator. :

Al Although the Sigma delta modulator has been used in resonant link inverters, )
its application in motor drives is restricted dué to the absence of a V/f control *
strategy. High sampling frequency demanded by the digital encoding process” i
results in substanha.l tra.nalsmr switching losses. On the other hand\the rect-
sagila-wave delbn modulitor; Besiden:providiig, the Hesifed V/E-chinrndteriskic,

offe?® good current trackingfabili

. It is, therefore suited for applications such as

inverters, drives as well as non-linear control-systems.

; & s .
2.1.3 Requiremerits of Delta PWI,;/I Converter &

For PWM control of a rectifier by the delta modulati hni the modul

must be instrumental in providing the following features: ¥
« contintous control of the output voltage over the entire operating range.
o reduce and/or eliminate lower order harmonics

o minimize output voltage ripple L




o ease of implementation. *

To meet the first criterion, it is ‘necessm-y to have an mdlrect cantrol of the pulse
widths of the modulated pulses such that the ratio of “on™ pulses to “off” pulses
determines the output voltage.” Clearly, the family of Linear delta modulators are

unable to satisfy this requirement due to the fact that the pulses are & function

‘of sampling frequency and a preset step size.

in Linear delta modulators is to "

One approzagh in ing this
adopt a different scheme of controlling the output voltage. Rather than having a_

filter of preset charactenshcs, the time constant nssocmted with' the “on” pulse 2
is maintainéd différent from that of the “off”, pulse. Consequently, -control of "

the output voltage is ashieved by continuously changing e two time constants. _

Needless to say, the
tion. oo
Rectangular wave delta modulator has the infierent ability to track the refer-

ence signal within a well defined boundary established by tho'h is threshold

Iévels. ‘The modulator can therefore be used for either volzage or current oontrol

dependmg on the reference s:gnnl Anolher attnbute of this modulator concerns

h

y and hence

control can

.

be achieved in three unique ways; (1) by adjusti : the i
(2) by changing the amplitude of the

. -y
signal, and (3) by controlling the
hysteresis threshold levels

‘The use of adaptive schemes for converter applications xs'debatable consider-

_ing that the modulator is responsible for encoding a well defined smusmdal signal

of constant frequency. Again, for control purposes, the adfiptive scheme must




&

" chronous modulator, is classified as an adaptive PWM teéhnique as mentioned -

incorporate a b i .U tedly, adaptive delta modulators .

p:ovxde superior perfomancc but at the expense of = substantially complex cir-

cuit. The same quality petfé:mnnce can be obtained hy asingle recta.ngulm' wave .

delta modulator using a simple filter network.

In light of the d lar wave delta modul is capa-

ble of meeting the controlled rectifiet criteria. The intrinsic feature df the asyn-

earlier.” As sych, the modulator serves o dual purpee of encodmg a typxcnl sinu-

»
smdal reference slgnal as well as mntmllmg the output voltage.

2.2 Delta Modulatxon 'I‘echmque %, B

wave delta tion is & ial encoding techni The

Tocally reconstruéted signal: As applied in signal processing, the rectangular delta
modulation process can be illustrated with the aid of Fig. b3

“Thi ingist signal, #(t), ia compaved with the raconstructed sigral, y(¢), The

ifference is examined by the

circuit. In this system, the comparator

consists of a is quantizer with ical guantization levels +A. The

binary waveform z() at the output of the modulator consists of pulses of cqual
magnitide £V, but of varying widths. The pulses are integrated in the fecdback

path to establish the carrier

alternative positive and negative slopes of equal magnitude A. Depending on
the polarity of the error e(t) defined as [z(t) — y(#)], the hysteresis comparator

either,maintains or changes states causing the output pulse to similarly maintain

d pulses are produced by the i ion of the ref signal and a

y(t), consisting of linear heving
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c;r change polarity. The closed loop arrangement ensures that the carrier faith-

- ) . !
fully tracks the input signal and the modulator in turn gives output information

ding to the differentiati of the z{i} signal.

Mathematically, the sampled modulated switchin m z(t) can be ex- °

pressed as 23]

u(t) =V, ¥ Asgnlz(AT) —y(T)] -(21)

" wherer' s

v:hA = qum;izatién level

+V, = - level of switchiﬁng pulses ¢

=(KT) = Uisdilng stgeal L

y(kT,) = predictéd signal at kT, M

sgn = indicates the sign of [=(T) - y(AT)]

T, = sa.m;’!lingtime(

The équal slope approximation as illustrated in Rig. 2.3(b) is implemented in
an efficient manner with a-simple differentiation of the linear segments resulting

in a positive or negative pulse of equal height hut of varying width and frequency.

The delta modulation process is ially, continuonis, providing a digital repre-

sentation of the ix:nput'signal as long as the input signal does not change at agate:
greater than the maximum average slopé of the carrier waveform, If this circurs,
T — signal and-the modulntion process '

fails. The phenomenon termed as slope overload [21 - 24] is the liniting case of

the delta modulation technique. Because the modulator encodes i ion cor-
f¥sponding to the derivative of the message function, the overload characteristics

~
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axc  function of the-signal slope instead of the amplitude. In the absence of an
iuput signal, a condition commonly referred to as the idle channel condition, the
modulator outputs a square wave signal indicating the oscillatory nature of the
cireuit. ) .

The switching fi of the dulator can be lled in three differ-

ent ways: by changing the amplitude of il‘e refeence signal, by changing the
slope of the triangular carsier wave or by elianging the magnitude of the window
widths (A quantization [bvels). Thé flexibility offered by the rectangulor delta

modulation system has mm\e it very attractive for converter applications.

2.2.1 Delta Modulated Converter

The hrono ration of the lar DM circuit yiclds the modulated S
pulses quantized in amplitude with the pulsé widths determined by the‘positive
and negative slope transitions in the carrier wave. For rectifier implementation
it is ncce‘ssnry to control the output de voltage via the modulated pulses which
govern the transistor ‘on-off’ switching action. With a constant frequency mod-
ulating signal, the inherent self-carrier generatifig feature of the DM technique
allows a simple control process for varying the ofitput dc.voltage of the converter.
The modified rectangular wave delta modulator shown in Fig. 2.4 permits the

voltage to be rolled via an ical hy i i The

threshold levels (Fig. 2.4) or alternately, the delta window yridths, designated A,

and Ay, control the output voltage such that, maintaining A, greater than A,

leads to an increase in the output dc level. Conversely, if A, is greater than A,
. b "

tJic output voltage decreases:
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The simple control process ti:rough the asymmetrical delia control (ADC)

dure is hically ill d in Fig. 2.5. In‘this case, the modulated '

switching pulses vp(t) are obtained by the interaction of the reference sine wave
vn(t) and the.triangular carrier wave vg(t) generated in the feedback path. The
cartier is allowed to oscillate within the delta window defined by A, and A,
located about the reference sinuscid. Whenever the magnitude of the carrier
wave reaches the boundary of either A, or A, it reverses its slope and the output
switching pulses accordingly change polasity. Since the reference input sigaal
to the modulato’r isa sinusoidal signal of fixed frequency, the PWM switching
signal generated at the otitput of the miodulator has a sinusoidally varying average

value. This ch istic feature of the modul in essence, is the principle

behind PWM techniques (5 - 10], which sim to attenuate the low order harmonic

components ; presem in the converter wavefnrms
2.2.2 Delta Modulator Circuit Implemen(‘.atmn

A practical circuit which realizes the DM scheme is shown in Fig. 2.6. Com-
parator A, configured as a Schmitt trigger serves as a hysteresis comparator and

outputs pulses of

1 to its jon voltages of +V, and
V. The sinusoidal rference or modulating wade v(t) is applied to the input of
compatator A; and the caltier uo(t) is generated in the following manner; when-
ever the output voltage of s exceeds the threshold limits of conparator 4, it
reverses the pglmlty of vp(t) at the output-of A;. Thxs reverses tllc slopc of
vo(#) at the output of As. It forces the carrier wave vc(t) to oacillate around the

reference waveform vp(t) at ripple frequency f,.
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The b i for threshold limits or al ively the delta window

R

widths are established by the arms ratio_ R,/H; such that:

" S R :
. 8, = Zl+VA (22)
2
v \ ’
« . R
‘ . A = By, @y
The of the modulated is determined by the Ror Cr combin
tion of integrator s. The rising and falling slopes of thé carrier waye are given
i 8
M, v, . 2.4
‘ ; chr' i ey
AN . . ' ! : E
» ml = V-I i ; # 4 (2~5)
where:
M, = positive slope of vo(t)
M, = hegative slope of uc(t)
RrCy = time constant of integrator A,

In the circuit, the ratio R;/R; is set at a constant value giving A, and A, di-

rectly ional to the s ion voltages. This affows the ADC

scheme to be implemented in an efficient manner by the pertinent parameters +V,
and —V,, By independa;ntly controlling +V, and —V,, thé converter’s output volt-

: s
age can be controlled over the entire rnnge of operation. Since the slopes of the

carrier a.redirectly i ‘tothepulsc agnitud (+Vior =Vi),

—the control scheme is smulm‘ to the dual mlegmhon [25] control prowss



However, with the ADC scherhe expanding over the control range, particular
attention must be given to the:slope overload limitation of the modulator. In
this case, slope overload occurs when the slope of either the positive or negative
segments of ug(t) is léss than the maximum slope of the reference sipusoid. For a
constant amplitude modulating sine wive vp(t) = Vasin(at), the maximum slope

S 7 : o 4

is

pLT T 27ern

“and therefofte slope overload occurs when the instantaneous slopes of either M,

or M, goes below the minimum limit of 27 fVz. Mathematically, the condition
for slope overload is given by : e .
M, <2rfVp - for rising slopé in vg(t) }

. (2.6)

. M, <2nfVa . for falling slope in vo(t)

This scts the limitation on M, and M, and consequeqtly, on the time constant of
2

the integrator with +V, and —V, being the Gontrol variables.

Another factor which has been taken into consideration in designing the delta

- jmodulatoy s synchronizing the carrier wave with the reference sinusoidal signal.

For a particular A, and A, setting, @ situation may atise where the fundamental

frequency of the carrier wave may deviate from that of the reference sine wave.

To ensure-synchronization between these two signals, the capacitor Cr is mo-

mentatily sorted to ground at each zéro crossing of the reference signal. This
perm\ts the capacitor to’dls:ha.rge, forcmg the carrier wave to be synchronized”
with the sm\mmdal reference signal for all A, and A,. values)- The diffeential

encoding prmclple of tlie delta resultsin the modulated f be~

ing displaced by 90 degrees with respect to the sinusoidal input. The problem is




A

‘ v

cirqumvented by passing the sinusoidal signal to a basic intégrator cifcuit, which

provides the necessary phase shift and then to thé modulator input. Although hot

for converter ions, the presence of the integrator: permits the

dul

to encode ti signals, which otherwise cannot be digitally

represented by delta modulation schemes.

2.3 DM System Modelling

The DM system, though conceptually simple, is difficult to analyse due to, the -

“#presence of the non-linepr/lement in the feedféward path. The intrinsic self

generating carrier feature of the' modulator affords a viable control mechanism,

but substantiall licates the task of modeliing and analytically predicti

system behavior.

An enalytical model deseribing. the DM process is of prime importarice to:

(1) enable the selection of circuit parameters, (2) predict the performance of the

converter,;and (3) optimize the converter pe;g';nnam':e. Selection of the circuit

parameters must be given due ¢ as ‘the modulator is i lin

controlling the output voltage as well aé reducing harmonics.
. .
The switching frequency of the converter is not fixed, but varies as the window

widths are varied in accordance with the ADC schemme. The mod: ? tor responds

Iv deté s

to.a variation in A, and A, and int

the conyerter’s
instances corresponding to the positive and negative trmsitio;:g in the carrier
wave. However, as the mognitudes of the window widths are varied, the pulse
widths vary and cunsequentl&, the number of pulses per half cycle chungc‘ a8 the

output voltage is controlled. This results in the converter power transistors being
. 7
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switched over a wide”frequency rajge. Prediction of the maximum switching
frequency, is therefore, essential to maintain transistor switching losses within
reasonable limits.

Many typesof delia modulatocs Tinve bews suscasafilly used i digttal com-

munication systems. From the ications viewpoint, typical perf
parameters such as signal to noise ratio (SNR), quantization noide, idle chan-
nel noise, spectral density function and the ~l?ke are detailed in the literature.

Johinson [21] has quantitatively described the perf of a single-i

. delta modulator in terms of its overload characteristics. Flood, et al.[24] have ' *
. . - i 2

ed an open ‘loép 1

model which generates-a pulse waveform

) identi\;n.l toa single-ihteyuor delta modulator. Sharma [22,26] has outlined a

hodology for calcul g the various paran of the lar wave delta

dulator with symmiatrical hysteresis. Gotz, et al [27] have considered the ef-
fects of step-size imbalance and quantizer thréshold is on the idle channel
noise & istics of the delta modul

Stich Parameters, though relevant for predicting the modulator’s perfy

in digital communication systems, do not convey the performance of the con-

trolled rectifier. Of more ifiterest in power electronic a;pli.uﬁans, are factors

such as output signal spectral content and h ic distgibution. D

ol

a mathematical foundation for calculating the 's switching i and

of these tails the devel ent of an model which provides

number of pulses per half cycle. Once the switching instances are known, a study
of the spectral contents in the voltage and in the current waveforms can be con-

ducted using thc; Fourier .series approach.




2.3.1'° Analytical Model
@

of an analytical model is an

A prerequisite in aiding the

.ing of the intrinsic behavior of the delta modulator with'the ARC si:hen’xe >’I‘hé
control scheme suggests that the window widths be varied asymmemcau if the
output” voltage is to be controlled. - ,

of an arbittary sinusoidal reference sﬂgnal vg(t) with|

To generalize the model over the entu‘e control rapge, consider the encoding
Z uymmehrlca.l A setting

of A, aid A,,.such that A, > A,. The waveforms of the delta modulator, under

the specified coriditions, over successive positive levels in vpy(t) are illuscmted’in

’ Fig. 2.7. If Tyn a.nd Tpr denote the rising and successive fallmg edgeS ol' the

carier wave V6(2), then the total tife doration T, between-succedkive positive

(or negative) levels in vy(t) is given by:

Tp = Tor +Tor (@n
. . .
From the geometry in Fig. 2.7
Ap+ A, :
T = == 2.8,
O Vo ) " L
Ay + A
G - sl 2.9
PF = M+ 9(D)leotnr (29
substituting into (2.7), yields
Ay + A, Dy + A
T = ot D . 2,10
Ll VA 5 PSS YA ) {e)

Replacing the instantaneous values of r(), and Ba(t)|e,, by their long term
average slope of "F(t)’ Equahon'(2.10) can be expressed as

o (At A)M, + M)
Toivs = Frog7 _+(;W»— Mn)!.fn(,)_/(ﬁn(‘», (2
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_where: 4
A, = positive window width
An = negative window width
M, = rising slopg of carrier ve(t)
M, = falling slope of vg(t)

a(t) % deriyative of reference signal va(t)

N i sibacs 1ul

g occurs when the

is in the idle channel condition;
when vp(t) = constant. Hence, )
F = Cr £ A0+ 1y o

pMn

L

For a sinusoidal input, vg(t) = Vi sinwn(t), -the ripple frequengy of the carrier

waveform is obtained from (2.11) as

o miale /ﬂ“*M,'Mn+(M,—Mn)vn<e>—{m«m)’, .

T2m (Ap + AR)(M, + M) wnt)
MM, R
(B, +20) (M, + M) 2M,M,
- wn Vi
= frm.,{l— 2M,,M,.} (2.13)
where: P S
W = frequency of reference signal va(t)
Ve =. amplitude of vr(t), and . @ 3
-

_ MM, ’
Srmas = CTh)MIT ) An;( ML) (2.14)
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is the maximum ripple frequency of the carrier in the absence of & reference signal
and is the reciprocal of (2.12). (o : .

The values of Ay, An,M; and M, are found from the circuit implementation
of the delta modulator given by Equations (2.2) - (2.5). The arms ratio R1/R2
is set to a typical value in the range 0.05 to 0.1 [28], so that the time constant
of integrator A, determines the slopes of the carrier wave. It is important to

\
note that as the threshold level of the hy

quentizer reaches a
value, corresponding to & maximum in A, or A, the encoding process is not

truly representative of the reference sinusoid. fo enhance the résolution of the

- modulator, time constant of integrator A, must be sufficiently small to give a

steep transition in the carrier waveformn. The lower limiting values of M, and

M, are specified by the slope overload eriterion (Equation 2.6), while the upper

values are d ined by.the i i itching frequency.
In order to lete the analytical description of the DM process, it is neces-

sary to establish a methodology for ining the switching i i tiassan

This is discussed ix‘\ the following section. =

2.3.2 Determination of Switching Points

The procedure for analytically d. ining the switching instances in the modu-

d by

lated: waveform i f

the actual working of the DM circuit.
A graphical illustration of the encoding, process in f"ig. 2.6 indicates that the
catrier wave, vo(t) oscillates about tie reference sinusoid and i$ bounded by the

upper and lower windows. Each intersection of v (f) with the A, and A, bound-

ary locates a switching point, with a positive transition in vs(t) giving an ‘on’




pulse and & negauve tru.nndnn an ‘off’ pulse. Hence, it is possible to express the

pulse positions in terms of lhg carrier slopes, amplitude of the reference signal *

. and the window widths. -
Detailed derivation of the lized exp ions for indivi itching in-

stances, ¢; are given in Appendix A. '

For even switching instances i =.2,4,6,...

1
i

{8+ D)+ Mytics + Vasinwmtis = Vasinwmt} (2.15)
For odd values, i = 3,5,7,...

1 R
to= 3 (8 + 80+ Myt

with the first switching point described by

A, + Vasinwnt,

th= M,

(217)

The transcendental nature of the Equatigns? (2.15) - (2.17) suggest the use
of numerical techniques for their solution. A FORTRAN program incorporating
a0 IMSL subroutine [29), is used o compute the switching times. Equations
(2.15) - (2.17) are defined by‘extemnl funi:!ions and successive switching times are

. calculated by the lubmutme Dep:ndmg on the input pnmnebm the pmgmm
checks the slope overload eriterion, before proceeding with the

Switching instances are’computed for the first half cycle of the refm—m&: signal and )

'.he last ,mtdnng point is terminated at T/2. This ensures that the modulated

forim s synchronized with the reference gigaal for all &, and A, valuen,
" -Switching i for thé remaining half SR ace obtained by diaplasing s
computes points by T/2. A listing of the program is included in Appendix B.

— Vasinwmti + Vasinwmts} - (2.1@)\‘ X
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2.4 Concluding Remarks
Y . ‘
~~"""In thia chapter, various delta modul are investigated from the, viewpoi

*“of selecting the most appropriate moddlator for ac to dc converter applications.

A close examination of the ch istics of each modulator suggests that the
lar wave delta nfodulator with frical is meets the criteria
for controlled rectifier impl ion. The fund 1 principles of

and the ADC scheme used to vary the output voltage are described in detail.

-An lytical model to calculate the ripple fr of the modulated wave

is d. G lized i to di ine the switching i are

*derived and the numerical approach adopted to compute the switching times are

\ discussed. ' : i
The key features of the lar wave delta moitulator are arized as:
o PWM switching waveforsns d by the modulator have a sinusoidal
N : s
: average value. Hénce, the modulation process results in attenuation of lower
[]

order harmonics.

ly reduces circuit

B o The self gc}:erating caprier feature,

compared to other carrier modulated PWM techniques such as sinusoidal

PWM, trapezoidal PWM, etc. ’ 3

N
. s Asymmetrical‘control of the window widths enables the converter output

{dits

 without a

U . voltage toghe 1 circuit

<., e Impl ion of the modulator is relatively simple with a minimum num-

ber of components. «




performance of the converter is €

K .

Chapter 3

Single Phase Delta PWM
Converter

N

- In the preceding chapter, theoretical aspects.of the delta modulator were pre-

sented with an

is on the pumerical h for defining the PWM switch-
ing waveform. Having establistied the nccessary mathematical foun{lntion’, the -
following sections investigate the performance of the ac/dc converter switched
with the delta PWM scheme. In this chapter, the analysis procedure used for
determining the harmonics at both the input and output stages of the single-
phase converter is first addressed. This is followed by parametric study of the:
delta modulator. The objective of the study is to establish preferred modulator
parameters which optimize the performance of the delta PWM converter. The

1| d for various i it The

predicted 1esults are verified experimentally. Finally, the performance of the DM

converter is compared with the conventional phase angle coptrol converter. It-

"is shown that the DM techrique provides signi imp in converter

performance.

39




3.1 Analysis of Single Phase Converter ¢

The general approach used ig the harmonic analysis of PWM ac/de converter *
cireuits i Yo express the PWM input current and output voltage waveforms i
terms of general Fourier series. By evaluating the Fourier f:pafﬁcients, the spectral
contents of the Waveform can then be determined. .

Figure 3.1 shows the single-phase controlled bridge rectifier and the assosiated

wavcfotms of the converter when switched in the delta PWM scheme. Analysis

of the steady state ée for all 0 i ditions requires a
& gcnem.l Fourier series exps.ns:on of the complex PWM \q/eformq Rather than
solving for the Fourier coeficients, the analysis procédure folldwed here s based on
a discrete Fourier transform (DFT} approach and utilizes ‘an effitient fast Fourier

transform (FFT) algorithm to compute the DFT coefficients,

The DFT h dously simplifies the.h ic analysis process, as
it docs not require analytical ions describing individual wave-
forms. The adventage of this ach s further ill d when considering the |

. analysis of the three-phase converter, by virtue of the symmetry exhibited in the
waveforms.
The single-phase DM converter was simulated on a digital computer in stan-

dard FORTRAN. The simulation process is h ically described as follows:
v .

Firstly, to obtain the correct converter switchi the delta modul

waveform is represented in terms of a general gating function glefined by

gt titinn) = UL 4) = Uty tir) o RG]

L
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" The convarter switching function is defined by-

<

/ 42
g )
8]
whdte U(t,1,) is a unit step function
< .
0 txt;
Ultt) = { 1 (32)

The process of -defining the single-phase converter waveforms is pictorially
depicted in Fig. 3.2, where M(t) is the delta modulafor output waveform and

G(2) is the converter switching function described in terms of the gating function.

G = 2 y(t toten) = 2, Lalttistisn) (33)
Py
where N, is the number of pulses per cyele and ¢; are the switching instances,
obtained by solving Equations (2.15)-(21.7‘{ L om
The output voltage waveform s readily obtained us a switched sinusoid, and
is given by
ot) =G(B)-(t) . B9
where u(t) = Vsinwt is the input line-voltage.
The continuous time periodic u,(t) waveform can be represented in the form

of a Fourier, series as

" u(t) = %Ec.. einaet . (3.5)

o = fluth e an

I

: " :
E by / G(t) - vlt) =™t d(t) (3.6)
i=1
where ¢, is the n' Fourier coefficient andw, = 27/T is thie fundamental frequency °

in radian/sec.
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Figure 3.2: Graphical illustrafion for defining converter waveforms in terms of

general switching functions .
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The Fourier series expression for the output current i,(t) is given by

io(t) = %fj dy emet (3.7)
_alwt)
dn = 760 (3.8) .

with Z(wt) denoting the load impedance.
The input current waveform is defined in terms of the butput curent waveform
and a squaring function F(t),
st Tt =il(t) F(8) i ) (3.9,
where F(t) serves the purpose of describing i(¢) in accordance with the converter

switching function G(t). The Fourier séries representation of i(t) is then obtained

as
18 g
ci(t) =5 ) ke et P (3.10)
T :
. N i 3 -
where | ha=3 [_m io(t) - F(t) emineet (3.11)
To use the DFT approach, the . have to be d as

discrete time samipled s.igﬁ& This is accomplished by sampling v,(£) and 7(t) at
a sufficiently high sampling frequency in conformance with the Nyquist sampling
criterion [19). The process results in the discrete Fourier transform representation

of Equation (3.6) and (3.11) as

©Cn) = Nf’vo(m) W™ 0<n<N-1 (312)
=0
Nt ' :
H(n) = Y i(m)W™ 0<n<N-1 (3.13)

where




v,(m) is the sampled sequence representing v,(t) in the interval
0<t<Tandisboundedbyd<m< N-1 o

i(m). is the sampled sequence representing i(t) in the interval ‘Y
* 0%t<Tandisboundedby0<m<N-1

w is the root of unity = e=32*/N .
C(n) is the n' DFT coefficient of v,(m) s L
H(n) is the n DFT cocfficient of i(m) - © ?
@ B G E . ¢ z
The DFT coeffici are call puted using a Fast Fourier ’I\'ans;nk

(FFT) algorithm [30]. s'eluﬁon of the FFT algorithm appropriately- co:iveya in-
formation of the spectral contents in the wavelorm. A lllhng of the program is

- provided in AppendidlB, . #

(3 2 Single Phase DM Converter with Resxstwe
Load\

Senilibed ssasila ok he DM csaverter for a vadlive Toed sl iovesngs kgt
voltage of V, = .5 pu are shiown in_Figs.-'3.3(A) and 3.3(B) for two switching
frequencies. It is evident that the gonverter performance is strictly related to
the delta modulu.or switching pattern. Smoe the same load demands can be

r%/by different modul it becomes imperati n‘: opmruzc the
de

& modul before ding to analyse the performance of the

controlled rectifier. .

In order to optimize the delta modulator a parametric variation of the DM

circuit and its effects on the single-ph are i i 1. The 6bj
of the parametric study is to investigate the spectral contents of the converter

~
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Figure 3.3: (A) Finilted oanvei tos mareliiin V, =5 pu, Awltchmg frequency
= 1kHz. (a) output voltage (b) input current
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waveforms for various modulator parameters. It is to be noted that the primary

” advantage of the PWM strategy.is the jmprovement in the power factor. This
study focuses on the’spectral content and harmonic distribution in the input

current, for‘the followi diti

1. Variation in time constant
2. Variation in reference signal amplitude

. ] 2 ’ ¢
- Adaptive control PWM technique realizd by the delta modulator results in the

hing fi of the modulated W being a function of the carrier

v
ripple frequency. This is due to the fact that the carrier wave vo(t) is forced to
oscillate within the hysteresis boundary, with each intersection of vo(t) and-either

the A, or A7 boundary locating a switchiing pulse. As a result, the switching

¢
frequency of the converteg/s a function of the carrier slopeés, amplitude of the
e

reference signal antei@window widths. Moreover, as is characteristic of PWM .
i

systems, the dominant harmonics in the modulated switching waveform appeas
near:thie fipfle frequency o the carvier wave. TThik phenomeriouisinvestiasied f5r
the D/M system from the view point of being able to predict the spectral contents
of the converter waveforms for various modulator parameters.

3.2.1 Variation in Time Constant

s A =
In the circuit impl, tion of the delta modul as shown in Fig.2.6, the pos’

itineraqg negative slopes of vg(t) are determined by the time constant, 7 = RyCr
of integrator A; for fixed A, and'A, values. Variation in 7 has the desired effect
of changing the slopes of vo(t), which in*turn determine the ripple frequency of

the carrier waveform. The annlysis’i’mplicitly assumes that the ripple frequency
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is synchronized with the sinusoidal ref signal. However, it should be noted

lhat absolute synchronization between the two signals does not exist for all op-
emtmg conditions. As A, and A, are concrolled in the ADC scheme, che fun-
damental period of the carrier waveform may deviate from that of the sinusoidal
reference signal. Nevertheless the modulated switching waveform is periodic and
extibits half wave symimetey for all A, and A, values. To'ensure sychronization
i.e. equal periodicity betweer the carrier and sinusoidel refesence signals, time
constant 7 must be sufficiently small allowing the carrier ripple frequency to be

much greater than the nominal 60 Ha. reference signallfrequency. )

The range of variation of 7 is determined by the slope overload condition atd

A The i value of 7 is dictated by the’
slope overload condition such that 7= Tpaz; when |

M, =wnVg _ for rising slope in ve(t) @.14)
M, =wnVr ~ for falling slope in vo(t) -
where wm = radian frequency of va(t) .

Vi = amplitude of vp(t)

The lower limit of 7 can be set to a desired value to obtain op:‘.i.mum converter
performance. ~ : . b
Figures 3.4(a)-(d) depict the harmonic distribution in the input current wave-

form as 7 is varied frém the maximum value to lower values with all other pa-

rameters held constant. The pu value of 7 is expressed as:

T,u=R—;CI C 4 (315)
- : "

where Ty, = 27 /w,,. Parametric variation in 7 rﬁs in the following observation:
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1. Astisd I the dominant harmonics after the fundamental are shifted
to higher fi ies. The amplitude of the fund 1 {, how-

ever, remains constant for all 7.

2. Since the input curreit waveforms exhibits odd symmetry, only odd har-

monics are present.

i 3. With decreasing T, the ripple frequency of vo(f) i

TEN relationship between ripple and r, given by Equation (2.13 ) is
shown n Fig. 315(A) for different reference signal amplitudes. The graph is indica-
tive of the fact that fof low 7 values, variation in reference signal amplitude, Vz;
haslittle effect on converter switching frequency. However, for large 7 values, the
magnitude of Vi has a more dramatic influence on converter switching frequency.
Since dominant harmonics components are a function of converter switching fre-
quency, it is possible to corelate the appearance of dominant harmonic compo-
g i neats as a function of parameter 7 for different Vi amplitudes. This is llustrated

in Fig. 3.5(B)which shows the relationship between L ic ¢ in the

input current waveform as a function of 7 for different Vx amplitudes. Indeed, the
order of dominant harmonic components can be predetermined from Fig. 3.5(B)
for any value of 7. As a resultyit is possible to select the ripple frequency. by
simply altering 7 -and in ;io‘ing 50, a direct control on the dlbmina.nt harmonic
comiponent locations can be realized. By appropriately setting the value of the

modulator time constant, lower order harmonics in the input current waveform

can be climinated. Although operating at high ripple frequéncies result in high ..
: i

it 1

order the power ion efficiency is adversely affected.
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This is due to the fact that the switching fi of the dulated

3 it IO

resulting in i g losses.
3.2.2 Variation in Reference Signal Amplitude’

As Seen in the previous section, the dominant harmonics are directly related to
the ripple frequency of the carrier wave. Maximum ripple frequency océurs when

the modulator is in the idle channel state, with the ripple frequency progressively

decretising with increasi ace signal amplitude. Figures 3.6()-(d) show the
e

spectral contents in the mpuz current waveform ‘when Vg is increased from the idle

channel condition to the slupe overload cond:hon It is evident that the harmonic

litudes after the fund 1 afe related to Vi higher Vi giving

higher h i litudes, particularly in lower order h ics. Figure 3.7
shows the relationship between Vi and ripple frequency for fixed Ay, A, and 7 -

values.

Increasing the "amplitude hes a detrimental effect on the harmonic
content of the input current waveform owing to the decrease in the, ripple fre-
quency. Consequently, the input power factor is expected to be low, neccssitating

" the use of a large filter to suppress low order harmonics. On the other hand,

by the iate choice of , domi: low order h ics can be shifted to
higher, fi i The strong col ‘between ripple fi and domi-
g < 3

nant h ics obtaiffed by the 7, allows an easy optimization of the -

DM.modulator. In fact, by maintaining Vz constant, the DM modulator can be
designed to yield optimum performance for a preset value of time constant.

Ip PWM converter systems, it is customary to select the ripple frequency on
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RS
the basis of maxi converter switching fi The number of
e isen in neterin any PWM system as an increase in

commutation results in an increase in switching losses in the converter. Some
npp!iuﬁgns. such‘u UPS systems, require the convérter switching frequency to
be as'low as postible. Like other PWM strategies, the number of,commutations
in ddh modulation depends on the ripple frequency of the carrier wave. Be-

cause cach ipple cycle, ds to two transitions in the modulated wave,
each of these trnnslhon pamts spcclﬁeu a oornmumlun instant. This allows the

" mudulator to be designed to operate at a specified npple frequenoy, Since the.
~ dominant harmonics in the sup.ply current are ensil.y determined by the hm;monic
umlysis‘pfocedure) the input filter can alio be designed to eliminate troublesome

harmonics appearing near the ripple frequency.

3.3 Converter Performance <

A theoretical analysis of the pe: f the DM is undertaken using
the DFT b ic analysis d P of the ac to dc conversion
process is evaluated on the basis of b i ts injected into the ac supply

line and the displacement between the voltage and current waveforms resulting

fromg converter switchi Con ional to assess the 3 per-

forgfance are defined as [a,q]

Input power factor:




S~
Distortion factor:
DIF= ——D2 )

VR +I L

Displacement factor:

DSF = cosy (3.18) i

where I, = rmsfundamental component of phase current
- i .
I, = rms value of n** harmonic component =

B¢ = phiss agls batwesn supply voltags and L

In the DM converter, control of the output voltage is achieved by the ADC
scheme, in which the window widths are set at different levels. Figure 3.8 shows .
the normalized values of Ay and A, required to cortrol the output voltage. The
oW il e aaralEed At Taed 66 e Tatsiens igal nplitude:

An A, diid A, s controlled, the sipple frequency of the catrier wave chisiges.

For any value of 7, i converter switching fi occurs when A, and

A, are symmetrical about the reference signal. For A, = A,, the converter
gives a characteristic output voltage of 0.5 pu. However, as the output voltage -
is decreased (A, < A) or incredsed (A, > A,) from the mid point value, the

ripple frequency decreases. Hence, the number of commutations over the control

range does not remain fixed but changes in dance with the ripple fi

Figure 3.9 shows the relationship between number of commutations per cycle with

“output voltage for various volues of time constant. :
The parameters given in Equations (3.16) — (3.18) are evaluated over the

control range of the output voltage. In the converter
s

~all b ics up to the maximum ripple i are taken into consideration.
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- kHz respecti - As expected, ‘superior is att

Thmreuml results of iniput power factor of the DM converter: fwth:ee:ue-
of maxi; ripple specified by

time mmunc settings of =
7 =2 pu, .1 pu and 0.075 pu are shown in an. 3.18. The miaximum ripple .
frequency corresponding to the three subject cades are 725 Ha, 1.45 kHz'aind 195"

current below the ripple frequency. Figure 3.11 shows the' variation in distortion’.

factor a3 a function of average output voltage. At Iow output voltage levels, the

and the input eurrm hatmenic ontent

ripple

- v o
/ increases. Hence, the distortion factor is low but progressively improves as the

output voltage i Again, minimum 7 results in substantiel i

in distortion factor over the control range. However, the displacement factor isa

close to unity for all cases as shown in Fig. 3.12.

g ¢

at low 7 values .

\:‘lue to the high ripple freqnu\cy and virtually no harmonics, present il the input

«

L
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3.4 Experimental Venﬁcatlon of Converter Per-
formance

. Tl sockion the saliiily of the peedidiod roslis: pressiled i Hhe: previous

‘section is “erified experimentally. Implementation of the logic circuit and the
delta mMul i selected ue ibed in detail. H: jics in the

. input current ylnvefcrm are analysed thh the nd ofa spectrum analyser u.nd the

diti bulated

are

converter perf for various op
3.4.1 Implementation of the Logic Circuit

Figure 3.13 shows the schematic diagram of the experimental single-phase DM *
coivestes. Beboee theoutput of ths modulator cat bs fed to the bridge converter,
it as o be proccased via sppropiiate Jogic eircuit toobtaia e coiseet gatiag
signils for the converter switching elements. A logic circuit was designed to

ish thie task of processing the DM switching signal and providing the

gating signalsjynchronized with the ac supply line. The block diagram

of the-logic circuit l! Huxlmtcd in Flg 3.14 and the resulting transistor timing

dingram ls.shown in Flg. 3 15.
The circuit parameters of the basic delta 'Yodulm.or of Fig. 2. arc set at

§ Ry = 10KQ
Ry = 100KQ
Cr. = 0.008uF.

r of ati per cycle

the value of Ry is nd,u-ted to give i numl
of 25, 50 and'63 obunncd when 7 = 0. 2 0.1, 0 075 pu, reupcchvcly The output




i

opor F

synchronizing
& logic. circuit

modulator

o~ .

Figire 3.13: Single phuse transistor DM converter
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0 Vr(t)
Velt
0 Val(t)
r=.pu
0 Vi(t)
Vel(t)
0 Var(t)
T =075 pu
0 Vi(t)
Vel(t)
0 Va(t)

Figure 3.16: Experimental oscillografns illustrating key waveforms
ulator (based on 60 Hz. operation). Vi = 1.5V peak, A, = A, =.5V




'3.4.2 Expenantal Results !

of the modulator for the tb.ree cages of i number of ions with

Ap = A are gttt e labige pictures of Fig. 3.6,

The power modu.}e of the smgle«phnsa DM converter pmtotype ccmmtl o:ﬂfnur
i
bipolar. power h'ansxpturn configured in a bridge. Detml design y‘nrnmeters the

power circuit are p‘ven in Appendix D. ’l‘he supply voltage wl*s maintained at’

- 50 volts.{rms). ’I‘hb load consisted of a resistive benk with an equivalent load

d of 2502, The for & modulator setting of 7 = 0.1
pu. are exhibited in the following oscill Figs 3.17(a)-(£) pertain to the
output voltage s for different load voltago values. Experimen-

tally, it was foun& that the delta modulator allowed contmuou.! control of the
output voltage inr the range 0.2 pu to 0.95 pu. Typical oscillograms for the input
current waveform hre illustrated in Figs. 3.18(a)-(£):

Hermonics in the input current waveform were analysed with e digital spec-
trum analyser (Wayetek, model: 5820A). T"lé harmonic profile at various average

output voltnge va.l es are, gwen in oscl\logra.ms of Figs. 3. lﬂ(a) (() The ex-

ill b iate the t i e 1 analysis'and the pmdxctcd \*'I

, A

ru.ngeo\ :
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Figure 3.17: continued
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Vo = 0.7 pu

Output Voltage:
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Figure 3.17: continued
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Figure 3.18: continued

For Io = 0.5 pu
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3.4.3 Experimental Iferfoi‘mance of Singlé’ Phase Converter
e § e B

tests for

_Thé single-phase DM conveter was subj wuenesof

ifferent médu]ator semngs of r.= 2,{1 .075 pu., so ns to investigate the actuul

pjforinncé of the converter for m.ouuw,echmg Eomouenicioe: o . .

The harmonic profile ui the input cufrent w: /vcﬂirm' for each experimental

test with the gertinent modulstor settings sre/retorded ih”P;;blcs 3.; 3.2 and

3.3 respectively. ‘P ’ input power factor, distortion factor

Y LN
and dnsplacement factor buod on cxpenmenta.l results aré gn@ i, the following - FraeE
¢ § tables 3

» , .
% e _
$ N .- .

K N ¥ b;
Table 3:1: Experi 1 f spectra and calculated purame- \
ters of single phase DM conferter forr=.2 p\;w = 8

° . \
- - } y; & ¥ S

Average Output onic Current (pu) DTF | DSF | PF

Voltage (pu) [1__ ]38 [5 [7 [9_ |1 ;
.20 201|008 03 |18 |10 |.004| 03] .94.

. 30 |.303].02 |01 |05 |18 [26 | .70].97
: -~ ® 40 . 3 3 2 77| .98 .
: =~ 50~ 90 .99

60 .90 1.00:

70 91 1.00

.80 .93 [ 1.00 |93 |

— 90 94] .98 .
95 94 1.00 i
. B




y . g = \" i
, . Table 3.2: E st 1 fi sﬁearunﬁd \{ "‘ 4 ’ X -
parameters of single phase DM convertef for 7 = .1 pu -
VA |
.4 { ) :
" [Average Output_ H ic Current (pu) DTE | DSF | PF .
+ | Voltagei(pu) [T [3 [5 [9 [1 [13 15 [17 [19 [21 - 1
20 202 | .08 0% |01 | .02{.16 {.08 |01 .01| 76 |0.98 | .74
s 30 - |30 |03 (s [,01 10 .07[.09(84 |10 |.84
v 40 41 |03 01 09 12[.08[.90 .10 |.90
50 51|03 7 005 | 05(.18 (09|94 |10 |94
62 62 .04 K 04]22[10[.94 [10 |94
75 75 .08 z 21(09( 0994 [10 |94 -
80 80|06 28100895 [1.0 |85
90 90 08 [.02 0614 (3104 |10 |04
T 9% 96|07 .03 - T09[11].36[.94 |10 |94
- * / "
/ N v
. % K . *




o

L4 -
-~
- . :
. “px :
1 - .
f - . ) :
Table 3.3: imental freqhency spectra and calculated seters of ;
single phase DM converter for 7 = 075 pu < 4
Average Output | # < Harmonic Cum:ﬂ% DTF | DSF Pl} .
Voltage (pu) [1_[8 |15 [17 [19 [21 |23 27 |29 |31 | o
20 .20 | .006 i .01 |.005).008|.75 1.0 |[.75 .
.30 .302 { .007 J K 15 109 {.03 [.85 (1.0 |.8
40 - . |40 {.01 7002 | .007.| .02 |.07|.16 |.92 1.0 [.92
.50 ¥ 10 |.98
.60 1.0 |.97
.70 10 .96
.80 1.0 | .96
.90 1.0 (.97
.96 10 [.97




The experimental Tosults demonstrate that the DM converfer petforms ac-

cording to the theoreticall licted results. Donnant b ics after the

; fundamem component are directly related to the onveter switching frequency.

\

Therefore, for 7 = 0.075 pu, which gives a of & i ly 2

Jebie; ot Barmon'e domponedta are of  higher orders compared vith theicnse *

of 7 = 0.2 pu iwhere the sWitching frequency is only 0.725 kHz, Corzespondingly,

the converter performance is bettei for 7 = 0.075 pu tha.n for either case of T

Olpuort= D 2 pu, respectively. ’I‘hese results suggest that the a.nalyhcal model_

can be used to ly d converter p Gto

3 5" Comparatlve Evaluatxon of DM Converter‘“

with Phase CDntrolled Converter

Phase angle control technique has been extcnslvely used in many ac/dc converter

configurations due to the slmphclty and ease of. wnttol afforded - by the natu-

ral ion of hyristors. The- mancé of thel phase lled bridge

3 P
rectifier is investigated and :47ith the single-phase DM converter. *

tn the phase angle control (PAC) techniqus, control of the output voltage is

nchxeved by virying the turn - on time at which the diagonally opposite thyristor

. pairs are nllowed to conduct. The thyristors conduct for certain time segments

of the ac and are Ly  when the incoming ac voltage

has o higher instantaneous value than the outgoing wave. -

The thyristor turn - on time is commonly referred to in the literature {3,5‘] ‘as
the delay anglé a. For the converter with a resistive load, the delay afigle a can
vary from 0 to , with-& = 0 denoting the case of a full rectified sine wave, The

~ .




required,to ok the performance of the bridge c
‘with a registive load are give‘n belgw (3] '
average output voltage - : . g
. . 5y d ® ;
Vo= \/—T [1+cosa] - . \(3.19)‘

e

SO R

PR % [(W._'a)"ir%sinz'a] T (3:22)

v DI 100 SO ===
—— ko= YT

fyndagnental displacement angle #
e -
b
¢1=taf1_‘ [u—;] ¢ B (@.249)

’I‘he performance pammcters such ‘as powet factor, d:sturhon fuctor and dis-

" placement factor. of the phase controlled asais Tled in the range
Y pmalaies _: 1 lted using Equations (3.10)(3.34). The results
 obtained are graphically ill din the syt ik figices x:long with typical ) /
results of the DM converher ¥ ’ o “ . /

Power factorasa funchon of average output voltuge for both convertcr systéms

under consxdemhor_x is plotted in Fig. 3.20. In the case of the phase contrr)ncd .

AR h
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7 .o PAC conver ter
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Figure 3.20: Comparison of power factor versus average output voltage for phdse




0.37 ~ x DM converter(T = 0.1 pu)
1 ' ‘o PAC conver ter
0.2
0.1 ‘-
’ i ) ) 4 #
0.0 —— T —T Dy
0.0 0.2 0.4 0.6 T—™—0.8 . 1,0
7 Ou fpuf voHoge (pu) .
¥

Figure 3.21: Comparison of displacement factor versus averagé output voltnge for
phase controlled bndge converter and DM converter
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Figure 3.22: Distortion factor as a function of average output voltage for phase
» controlled and DM converter systems
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power factor sul } jally deteri a.‘utli‘eddwmglcnishuuins;r -

"The poor power factorg phmwn'.mlledennvu’tmqwmfmmthchctm

displdceraeat angle bet u;e sispply cherent afd the fundamental component
of supply current im.:muges ug_a increases. It is evident from Fig. 3.21 that the
duplw:ﬁunt factor docreasei as the output voltage is decreased, indicating the

between  the distortion fnctujr and average output voltage is Mustrated in: Fig.

3. 22, Whldl nfirms the high harmoric conlent in the input’ cumant wuvefurm

at low opemhng uutput vultnge levels ! g Y

Since the distortion factor s léss than unit);, the power factor in. phase con- *

|

trolled converter is less than the displacement factor. Howe\:er, in the DM con-,

*verter, the displacethent facbor is close to unity for. ll values of outpuf voltage *

and this results in the power factor being approximately equal to the distortion

* factor. - . - «

large reu:hve power which mu!t _be supplied t by the ec source. The rdmmhm_\__

In this conteit, it .hmud be emphasized that Mpmemg;mmn———

scheme, mnsidmblc nmuuqt of low order harmdnics are ert in the input
current. Thus, a large filter i is needed to correct the power factor, u:ldmg to the

size, weight and cost ofsghe verter syalem. In contrest, dominant harmonics,
- - >
beyond the fundamental ent in the DM rectifier are clustered around the

ripple frequency. _{ar at the multiple of the ripple frequency. This in effect reduces

the filter requirements of the converter. ¢
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3.6 Coricluding Rémafks ‘ ‘

A detailed study of the single-phase DM convetter mundmaken and the per-

“formances of the convutu for various opcrutmg cond)hons were analysed. The *

converter were d

ibed in terms of general switching funczﬁma which

", permitted a harmonic analysis to be conducted using an efficient FFT algorithm.

~—-——As-such, the harmonic a.nalysls procedure ‘followed hexe can be extended.to any

-PWM system. Sxmulanon‘xesults of the DM convert;r for different modulator

dicated a strong d d of domi h dlstnbutmn with

. settings in

. modulator ; npplc ﬁcquency Thxs enables the modu]ator to be dcsxgned to-elim-

inate harmdnic components up to a critical harimonie sidets at i expenge of
d

numbek of ions, T

of the DM converter with u
- resistive load was presented for three different cases of mz}xi;num switching fre-
quency. An experimental prototype was built, details of the logic cirouit have
been outlined. A close agreement was found b\ezween the pregdicted and experi-

of the

sty ot p 1 phase

lled cor and the BN

revealed that the DM convester offers
the advantages of higher power factor, lowen harmonic distortion and reduced

reactive power requirements. ‘
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The single-phase full wav/ lled rectifier is restricted to applications requir-
Ang molerate to !ow ppwer levela The characteristic two pulse output of thu

smgle-plmse bridge ?Qverter has a hxgh proportion of ripple voltage-at the dc

terminals. Anothet feature of this is the freq: countered dis-

continuous cnrrent mode of opeutmn fo: Ioadl haying l;mll induetance’ Hence,
it is mdmry w include lnrge size filter§ at the de mde to obtain satisfactory
performance or an |ddmonal choke o  ensuge comtinuol lodd current. T

By using three-phl.se convertcm sdme of these preblema can bc nllcvmtcd
Tlmze-phase converters are more s\mable for md\nsmn.l apphcatmm due to the
nvnhab:hcy of thme-phue supply and their. ability to acoomodhte«londrrcqmring
hxsﬁ power levels. Typically, {hree-phase bridge Gonverters hhvéssix pulws at.

mm output which leads to lower ripple content and consequently small filker’*

requirements. The range of cont current ion i also larger c 1

to the single-phase counterpart:

In this chapter, thé delta modulation technique is extenddd to control the op-
eration of three-phase ac to dc full wave coriverter. In the begining, analysis of
"

£ d
/
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the converter with n.mintive logd is p‘mcntcd together with theoretical results.
This is followed by & detailed explanation of the three-phase circuit implementa-
tion. Design of the logic circuit and the power e topology are sdbseq.‘muy
discussed in the latter part of the chapter. Finally, the nudy of the DM ter.hmque

as applied to multi Z opologies i d with ntal

results of the eh.re'e-phm transistor oonverm subjected*to'resistive loads.
-

4.1 Ana'lys:h of ’,I‘hree Phase DM Converter Wlth
Resxstlve Load ~

The general configuration of. the bridge converter {sed in converting three-phase
ac voltnges to a ‘de level is shown in Fig. 4.1. Control of the output voltage

is achieved by ‘the modulation circuit which dictates the manner fa whiéh the

s aré to be operated. Operation of thé three ! e ke r using

power - i as the switching dévices is di d in section 4. 3:2.,

Kl‘yp:cal expccled waveforiils of the converter when switched in the delta PWM
schcmc age illustrated in Fig. 4. 2 The basic :quatlons which. quantitatively

Actermine the conveiter under a resistive load are given by
nﬁ-cruge output voltage ' B
e - N
LR - - =
. Y, y -~ .

No g, % w
vV, = é% §L’ _\/Ev,,sin(,.?w D dt)

. . ‘
Y S [emwar=coopy+ Singi-snan | (41
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Figure 4.2: Typical waveformsof thiee phase DM converter (a) output voltage -
(b) input current of one phase k .




rms value of the output voltage ' _
Pt = = .

v [% glj / ’ [\/i VL;in(ut 4 %)]7 d(wl)]]

L}

 favav & pa
= [ ZWLE/;‘

{(ﬂ; ) - %ﬁsin 20 - sin2,)

- V3 H ¢ .
i e (cos 26 —cosZa.-)}] (4.2)
. where ) el
N, = number of pulses per 1/6 cycle-
@ ' = turn-oninstant in radians
8 L turn-offinstant in radians
Vi ' = lineto line supply voltage ¥
-
average output current is then obtained as
*3) *
- * % 0
and the rms value of output current is given by
v .
I=% ;
‘, = o (4.4)
-+ The rms value of input line current is obtained by making use of the fact that
each phase current consistslof 4 out of the six pulses, hence $
4

=1 . (45)
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of the | i d by the are
analysed using the discrete Fourier transfohm method described in chapter 3. In.

this case the converter waveforms are redefined in terms of general switching

taking into ideration the ion of the three-phase bridge. In

defining the output voltage and current waveforms, the delta PWM switching

waveform is synchronized with the the 60 degree segment of the input line to line
voltages to ensure the correct condition pattern. A similar approach is used in
defining the input line curyent waveform. The process of defining the converter
waveforms is accomplished by two FORTRAN programs, one dedicated for the
input stage and the other for the output voltage and current waveforias, Detsjled
listing of the subroutines are provided in“Appendix B.

Simulation: results of the DM converter with a resistive load are xllusm:ed'«
in Figs. 4.3 — 45. The maximum switching frequency of the converler o st
at 1.8 'kHz. Figure 4.3(a) indicates the output voltage seasebormder Vi, = 0,37

pu. Smce f.he load is purely resistive, the output current waveform resembles

the voltage with the magnitude of the current determined by the value
of the lond resistance. Figure 4.3(b) shows the input current waveform J¥ one
phase. Results for average output voltage levels of 0.5 and 0.7, pu for the same
converter switching frequency of 1.8 kHz are illustrated in Figs. 4.4 and 4.5,

respectively. It is apparant that the converter switching frequency changes as

the output voltage is lled, indi the similar switchi

pattern of the

three-phgse DM converter as exhibited by the single-phase DM converter.

< In the | ic profile of the aveforms also changes as

a function of output voltage level. Figures 4.6 to 4.8 illustrate-the simulated line |
T = ' % el
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Figure 4.4W three phase DM converter waveforms for switching fre-
quency = D8 kHer ¥, = 0.5 pu; (a) output voltage (b) input: current

jooe—="a
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Figure 4.5: Simulated three phase DM converter waveforms for switching fre-

quency = 1.8 kHz: V, = 0.7 pu; (a) output voltage (b) input current’
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‘Figure 4.6: Theoretical harmonic spectra of three phase DM converter for switch-
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Figure 4.7: Theoretical harmonic spectra of three phase DM converter for switch-
ing frequency = 1.8 kHz: V, = 0.5 pu; (a) output voltage (b) input'current
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& { 5
spectra of thevutput voltage and input current waveforms for the same modulator
parameters and output voltage levels of 0.3, 0.5 and 0.7 pu. -Again, owing to the
: ; 3

resistive load, the dominant hafmonics in_the input line current are centered

. -

about the ripple f angd multiples of the ripple frec For the case
of maximum converter switching|f of 18 kHz and a delta setting of A, .
= A, the dominant hgrioni beyond the fund 1 comp in the output

yoltage wn.veform is given by f,/GD, which tra.nslntes to the 30* order harmonic.
Correspundlngly, the input current contains dominant hermonics of order 80 1,
wiitch leads to the 20t i 1 being the dominant hasmonics as stén in Fig. 4.7,
“As pointed out in the previous chaNpcer, the intrinsic operation of the modulator
results in a decrease in the converter switthing frequency for output voltage leveli}
above or below the 0.5 pu midpoint-value. As a consequence, the dominant

hn.rmomc component in the output ‘voltage waveform for output levels of V, = Jl

and .7 pu is of order 24. The corresponding domi h ic I ions ify thc
input current waveform are of order 23 and 25." These chasacteristic harmonic
spectra are observed in the simulated results of Fxgs 4.6and 4.8 ~

It is posslblc to shift dominant harmonics to the,pppcr frequency range by
appropriately increasing the swntchmg frequency. However, it ig well to note that
the resulting impmv:rﬁent in performanceis at the expense of incrensed switching.

losses. ~ © P .




4.2 Theoretical Performance of ThreQPhase DM |
Converter & ! e /

Like other PWM controlled ac to dc converters, the three- pme DM convertier

" introduces barmpnics ino “the ac stpply. Owing to the mult.lpha.se rectificafion

process resvfltmg from three-phase operation, the nutput voltagc consists of six.

pulses Conscquemly, the dc output iti mntmn ic fi ies of
v . ordersix times the input suppl. frluency in addmon to subharmonic components

ansmg from the PWM swﬂ:clung process. Hm‘momc currents mjected into the

: . supply line are uf orders 6n % 1 (n taking fategral values 1,2,... ), beats
5 bl i ts. Ong immediately sees.the improvement in convertey
due to three-phe jon. Whereas in the single-phase converter,
the 3 is the next domi b i after the fund 1, in this

case the 5 forms the lowest troublesome harmonic. The effect of lower order
o T can be reduced by selecting the modulatoy parameters such um the
dstatdit e Hiamics appear near the ripple frequency of the carrier wave. “In this
manner, the modulation circuit prov:dea u direct control on the harmonic contents

i of the converter waveforma: . :

. * Theoretical h istics of the three-phase DM with

"4 resistive load an¥ & makjmun switching frequency of 1.8 kHz are illustrated
in Figs. 4.9 to 411. Equations (3.16) - (3.18) were numerically solved to find
4 the resistive load behavior of the converter with the delta modulation scheme.

Power factor as a function of average output voltage is shown in Fig. 4.9. At low

output voltage evels, b onics near the ripplé f have a relatively large
o xn;g;utude p i to the di 1 As a result, the converter
i ' ’ -
- T ‘ -
~
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requires more reactive: power. This is reflected in the plot of distortion factor ! -

yersus average output voltage in Fig. 4.10. It ‘exhibits low values for low voltage
levels but rapidly increases as the output voltege is incredsed. The displacement
fctor is close to unity over the control range as shown in Fig. 4.11.

The analytical results confirm the imp in converter perft com-

pared to thi single-phase DM converter. For practical implemeritation, 4 filter is
" génerally included in the input dtage of the converter. Besides attenuating har-.
s o i .
. monic components above the cut-off frequency, the filter also reduces the magni-

tude of lower.6rder harmonics by a factor depending on the ordef of the filter,.

thus improving the overall of the convert

4.3 Implementatlon of Three Phase DM "Con-"- :

F verter i

'

Tmpl fofs of the DM technique for a three-ph rectxﬁerreqmrestheuseof

* three identical modulatr tircuits of Fig. 2.6. Each odihor inetesiios o ons

individual phase of the three-phase supply, iding three

synchronized with the ac system. A detailed schematic diagram of one phase
comprising the three-ph dulator is given in Appendix C. . ..

4.3.1 'Power Circutt Topology" *

3

by the bridge configuration of Fig: 4.12. The six pulse bridge switched in the

w widths in the aforementioned asymmetrical delta control (ADC) scheme,
> Dl

Conversion of the fixed three-phase ac supply to a variable dc voltage is obtained -,

DM scheme provides optimum performance. In'fact, by the proper setting of the

i
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it allows distortion—free input currents and good regulation. .

The cireuit employs bipolar power transistors (Motorola 2N6251) as the power
switching devices. As opposed to thyristors, power transistors are particularly
suited to operate in PWM mode as circuit commutation is achieved by simply
applying off-gate base pulses. With thyristors as the mein switching devices,
external circuits must be added for commutation purposes, and this usually results

in a complicated control scheme. Another disad of thyristor is

..

that the converter und many more

due to the commutation circuitry. ' .
To accommodate for the transistors switched in the PWM schenie, certain
modifications to the bridge have been incorporated. The power diode in series

with the emitter of each transistor serves k¥ purposes. Firstly, it ensures. the

of the conducti i ter it has conducted during the spec-

ified interval, when a subsequent transistor on a different phase commences to .

% 4
conduct. Secondly, the diode provides isolation to the base drive circuit which
must be referenced to the emitter.

Individual base drive circuits for cach transistor werc designed to meet the

hing specifieations of the éntrolled by the delta modulation pro-

cess. The base drive circuits utilize a totempole arrangement of an npn-pnp

y transistor pair. The push-pull provided by the com-
plementary transistor pair allows fast turn-off of the main power transistors. The

schematic diagram of the transistor base drive circuit is included in Appendix C.

1 modes of jon mainly,
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J 4.3.2  Bridge Selection Logic

Sel

. v .

tion of the transi duction is based on the criterion of maximum pos-
itive line to line voltages of the three-phase source applied to the bridge. The
principle similar to the one adopted by phase angle controlled converters [3], en-

ables the to yield maxi de voltage cor ding to the peu.ks in

the ac A ing the three-ph supp]y to be y1 i n.nd per-
fectly balanced, the period of the source voltages is dwxded into six sect‘rias in

Fig. 4.13: During the first 60 degtee interval, phase voltage vy is at its positive

maximum while vp is at a minimum. Hence, line to line voltage va is maximum )

pusxhve‘ Transistors T, and Tp m\x%therefore, conduct to complete the current

path. In the next mtetvul, Vacisata positive i The circuit is leted

with i Ty and T; conducting and Ty d. Each i is

allowed to conduct for two consecutive or a 120 degree interval. The correct

i duction sequence is ill

d in Fig. 4.13(c), with the transistors

labelled as in Fig. 4.12. t A -

Implementation of the logic circuit is facilitated by identifying the states of
the source voltages in cach of the six sectors. Three command siguals X4, X, B
and X representing the states of vas,vs: and v are generated by comparing the

phase voltages v4,vp and ve. The command variables take on.a logic HI (1) value
. v 4

ding to the following conditi
: ) vy >vp; then Xy =1

vg>ve; thenXp=1; - (4.6)

"o >uv4; then Xo=1 ; [

In all other situations, they take a LO (0) logic value. The logic valucs of the com-
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command signals in cach intefval are tabulated in Fig. 4.43(d). Since each tran-
sistor conducts for two intervals and the sequence of conduction is known a priori,
the intermediate transistor gating signals i, ..., Jg are determined by the combi-
nation of the logic signals according to the following Boolean expressions:

L= Xy Xo:Xo+ X4 Xa-Xo

L=X, Xp-Xc+ X4 Xp-Xe

G %X Rot B X Xo
T S 7).

Li=X)-Xa-Xo+Xa X5+ Xc
=X, %p-Xo+X1-R5-%g |
Ig=X4-)‘(s-Xc+XA~X$-)-(c k

Equation (4.7) can be reduced by applying the laws of Boolean algebraas follows:

=Xs-Xe
t
7 L=X;-%
_ i
L=Xs-Xp
i (4.8)
=Xa-Xe 1
’ =
Is=Xp-Xc
L=X; Xp

Plic set of equations indicate the simple logic required to obtain the intermediate
transistor gating signals. The associated timing diagr\a‘m of the six signals is
shown in Fig. 4.14. The logic scheme provides the six transistor gating signals )
synchronized with the ac source. Individual gatmg mgnn.ls have an on-; ).nc pulse
covering two intervals with a repetitive irequency d(ehe supply line.. As a result,

3 ﬂucmatmnu in the ac line i will not adversely affect istor switchi

The other feature offered by the scheme is that only two transistofs, on different
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phases are simull 1

gated; eliminating the possibility of transistor misfiring
and short circuit conditions. . -
4.3.3 . Logic Circuit' » -

In addition to the crucial task of selecting appropriate transistor conduction pairs, -

the logie circuit couples the intermediate pulses with the three delta ‘modulator
outputs to give the transxstor base'drive signals.

In the logic circuit of Fig. 4.15, the command signals are genernled By three
voltage comparators. Three low power transformers are used to step down the
supply voltages to the level required for CMOS logic gates. The same low power

signals also serve as the fodulating signal inputs to each of the delta’ moduln-

tors ising the three-ph dulation circuits. The cofimand sigaals are

processed by 10511: gntes according to the logic scheme of Equation (4.8) to pro—
vide the ﬁ:medmﬁe 120 degree pulses Iy, .. IB The intermediate pulses are

{ = ANDed thé respective modulated signals to give the transistor base drive

signals. The outpit

g signals generated by the three-phase delta modu-
“lator circuits are designated M4,Mp and Mc for phase 4, ph’asn B, and phase C,
“respectively. ' . B
Inspection of Fig. 412 reveals that transistors T} and Ty are-on phase A,
with Ty conducting on the positive port.ion of vs and T on the negative cycle nf
the waveform. Consequently the base drive signal for T} is obtained by ANDing
- I with M, and I, with M, . With this' reasoning, the remiaining buse drive

signals, and hence the ultimate delta PWM switching signals to the transi
i -
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are expressed as: .

T=5-Ma
=5 Mc '
T3=1I Mp (' )
g - 4.9
S Ty=1I- My
. : T h=L-Mo
LI il To=1IsMp

where T; to T are the six unique gating signals to the.power transistors of Fig.

4.12.

4.4 Ex‘perimental Results

- C o~ o

The thiree-phase DMconverter prototype was built and subjected to  series
B experimental tests 46 cNeck the validity of theoretical results and the design
method. The results presented here; pertain to a converter switching fre(iueAncy
‘of approximately 2 kfiz. No%input anid output filters have been included in the

experimental setﬁp. .

Figure 4.16(a) shows the three-phase PWM signals 1 by the three-

phase delta modul i d on their ive ref source voltages.

The three command signals X4, Xp and X¢ which determine the state of the
three-phase source voltages are shown in Fig. 4.16(b). The intermediate signals
which are used to determine the transistor switching sequence are shown in Fig.
4.16(c). The fina} base drive signals tq the main power transistors are shown in
Fig. 4.16(d). . s )
Experimen’tnl output voltage and input current waveforms of the DM convcréc_r

N
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sure 4.16: (a) Experimental three phase delta modulator switching waveforms
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Figure 4.18: Experimental waveforms of three phase DM converter
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with a resistive load are shown in Figs. 4.17 and 4.18 for two different output

voltages of V, = 0.3 pu and V, = 0.7 pu. The input current line harmonic spectrum

for the two cases dre shown in Fig. 4.19. Although operation with a predominantly

registive load results in'di i Iresul

load current, the clearly

| te the enhanced performance of théthree-phase DM converter. This is

confired by the spectrum analyser results of the input line current which show

good ion of low order

4.5 Concluding Rerﬁarks

A
S:mulatmn resultp cf thc three phase DM converter with a_ resxshve load using

ths DFT approsch mdxcated that the coriverter meet the desired riteria of high

pover fdctor and low' hasmonie distortion. Desigaof the thres:phese delte siodi:

laor cifcuit and the logic mrcmt required for experimental implementation were

described in defail. Experimental resultsofa three-phase DM

suggest a goqq agreement between the theoretical and actual results. The minor

variations in the experimental results were due to switching transients, particu-
larly dl/dt tra_nsxents due to transistor turn-off. These effects were not conmdercd

in predictirig analytical results. The enalysis prmlced in this chapter was based

A\,
on the case of the .converter with resistive loads. Performance of the converter

wnh passive R- L a.nd motor lcada is prcscnled in the followmg chaptcr

N . &




Chapter‘ 5

Experimental Performance of
DM Converter with R-L and
‘Motor Loads

So far operational aspects of the delta modulator have been considered and the

-
design ahd impl ion of both single-phase and three-phase DM

have been presented. In each case, analysis of the DM converter was s,
tslien, From. (he: viewpoitit of predicting thie converier péfformance as:e finchion
of modulator parameters. The analysis were based on the converter pubjected to
resistive londs with theoretical results validated by experimeital results on proto-
type DM converters. In the followig sedtions, the performance of the three-phase
DM converter undes' passive F-L and dynamic mtor loads is analysed through

experimental investigations. .

5.1 DM Converter with R-L Load
¢ R
Typical of PWM ac to de converters [8 - 10,12], the DM converter injects har-

monics into the supply. The harmonics together with the fundamental comporient

123 v
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d iine the perfc > of the under i igation. The study of the—

DM converter with R-L loads is an important aspect.because most of the loads, by

nature, tontain a predominant indactive component. Further, the study provides

“an insight to the behavior of the converter with motor loads, which essentially

comprises a complex R-L load.

Figure 5.1 shows the configuration of the converter under study. Freewhetling

diode Dpw connected across the output terminals provides an plternate pat
the load current to flow during the donducting transistor ‘off pulse’ state
multiple pulsewidth modulation schemes, the power transistors mm
off many hme per 120 degree interval. The number of ‘on - off’ tmnmuom
a fl;nchon of the pulse numbers and as such are directly related to the-convt

ing £ C 1 tion of the converter under mul

pulkevidth fiodulation can be analysed depending on Lhe,wing three possibly

modes of operation (31]:

MODE 1:-

Mode 1 is characterized by gating signals applied to the transistors and the sourco .

voltage appears across the load. In this case the load current rises.

MODE 2:

and
4 are
erter

iple: ¢

In Mode 2 freewheeling action takes place. This occurs when no gating signals |

are present at.the transistor base i.e. when the transistors are in the ‘off pt

ulse’

state. Under this condition, the output voltage is clamped at zero (neglecting the

diode drop) and the load current freewheels through the diode.
'
MODE 3:

Mode 3 occurs when the transistors are in the ‘off - pulse’ state and the

load
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Figure 5.1: Three phase DM figuration with freewheeling diode
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Figure 5.2: Typical output vnltagc waveform of three phase DM converter with
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¢urrent decays to zero.

However, in multiple pulsewidth modulation control, Mode 3 is generally ab- .

sent [9) due fo the relative short duration of the ‘off pulse’. In more realistic ,

terms, for a given R-L load the range of discontinuous current mode of operation
is sul ially smaller d to single pulsewidth-modulation schemes. The
expression for the average output voltage is given by ey '

o ’ v,

4_3\/§VL§’:
- a

B(mm.- —cosfi) + Eﬁ(sinﬂ; —sinag) 1)
c ;

where °

N, 5 b s FERLE dile
- - a." .= turn-on instant in radians ]
7 B = turn-off instant in radians
Vi = line toline supply voltage

Figure 5.2 shows the typical output voltage waveform of the DM converter
over one 60 Hz eycle. The switching points (a’s and f’s) continuously change as ik

the output voltage is varied by controlling the modulatos window widths. The :
o 5

values of @ and 3 for any converter switching frequency and output voltage levels

aré evaluated by solving Equations (2.15) to (2.17).

. 5.1.1 Performance of Converter with R-Ii Load .

s In the case of resistive load, as scén in'the previous chapter, the converter op-

erates in the discontinuous current mode over the entire coritrol range. However

under R-L loads, the load current is continuous due to freewheeling action. These

* characteristics are observed in the oscillograms of Figs. 5.3 and 5.8 Which pertain




w
>

PR SPEC
SPAN. @ BOOKZ -5 B000KNZ

Figure 5.3: Experimental oscillograms of three phase DM converter with R-L load

a) output current waveform (b) corresponding harmonic spectrum



(a)

time scale: 60 Hz
cycle

(b)

Fijure 5.4: Experimental oscillograms of three phase DM converter with R-L load
) input current waveform (b) corresponding line harmonic spectrum
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to the three-phase DM converterunder R-L load. Figure 5.3(a) shows the output
current of the DM and the ding harmonic spedtrum

is illustrated in Fig. 5.3(b). The input cirrent waveform of one phaseis shown

'in Fig. 5.4(a), while the harmonic spectrum is shown in Fig. 5:4(b).

+  From the experimental results, it canbe conclided that the three-phase DM

nverter is to the require of conti 1oad curresit and low ripple

are further i

content in the output. These ch 1 in studying

the perfor\ma.nce of the converter with motor loads,——

5.2 Delta Modulated DC Mot;:)r rive

The versaility of the de motor has mlade it dominate in industrigl drive applica-
' fions of mediumto large horse-power ratings. In recent years, a significant amount
of research has been directed towards improving drive performance by using force
commutation methods and PWM control techniques [5 - 10,12}, rather than by.
means of passive reactive tompefisation schemes 1,2]. The renewed interest in dc
motor drives hasbeen, by far, due to_the introduetion of power transistors which

allow an easy implementation of PWM control strategies.

. The DM technique has proved to be a sful PWM control techiique as

} it draws near sinusoidal line currents and limits harmonic components to higher

i ! jes. These gk istjcs were d 1 for both single-phase and
: three-phase DM . In the folloving sections the of a sepa-

rately excited dc motor controlled with the DM séheme is investigated.
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5.2.1 Separately Excited DC Motor

Speed control of separately excited dc motors can® be ‘achieved in two possible
ways: (1) armature voltage control, and (2) field flux cotrol. In the first method,

speed of the motor is controlled by varying the armature voltage by means of

a controlled rectifier and mainteining the field exci tion at a constant value.
g

Armature voltage control results in constant torque opérhtion; allewing theussd

to be controlled from elmost zero to thie rated speed. In the field control method,

thé armature terminal voltage is maintained at-its rated value and the field voltage

is controlled. With this control scheme, tlte speed of the motor can only be varied

nbove the base speed and at the expense of falling torque. Field control results

in the motor operating in the constant horsepower region.

: Bigure 5,5 dhows the geerdl sofup:abtlie convicter = motar diiye system; The
armature terminals are supplied from the controlled three-phase DM rectificr an
the field is excited from an independent de source, Inclusion of the freewheeling

diode, ps mentioned earlier, has a number of advantages. Besides improving the

powér factor, freewhieeling action also reduces the ripple content in the armature

current, whu:h otherwise leads to mcreased losses and a genera.l derating of the
inotor. These adv:mtages, however, are obhamed at the expense of regenerative

capability of the drive.

5.2.2 Basic Equations of the Motor

The armature circuit of the dc,‘)ior, is represented by the back emf Ej, the"

i R, and e ind L, as shown in Fig. 5.5. The

‘stéady - state speed and torque cquations of the motor are given as follows:



L8
" T3 ™
3.9 -
SUPPLY
l /)
i - rz
-
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average back emf of the motor 1 <
E =K ¢N ; (5:2)

average torque developed by the motor

T=K¢L - ; (53)
where
i ;
3 . «
L = average armature current [A]
N =\ steady-state speed.frad /sec]
K¢ = motor constant [Vsec/rad]

The armature voltage equation in terms of average quantities is given by
Eo=Ru I+ By B, (54)

The steady-state speed of the motor is obtained by substituting Equation (5.2)

in Equation (5.4) to give

Fa— LR, :
N == .5
&4 68
Teing the tor topology as shown’in Fig. 5.5 and assuming continuous

load current, the output voltage at the armature terminals is given by Equation

(5.1) as
V3

E, Heosai~ cosf) +

sin B, - sin ;) (5:6)

)

_ 3 &
=Rt s

The steady-state motor speect can be expressed in terms of applied torque by
substituting Equation (5.3) in Equation (5.5) to give
N
s ' B RT

VT G e )



The first term in Equation (5.7) represents the theoretical no-load speed while
the second term represents the reduction'in speed due to the applied torque. The

contrlled by yurying the modulator parameters.

5.3 Performance Charactenstlcs of DM Motbr
Drive = . a B

\ o

The three-phase DM

with freewheéling diode was used to contmh{
speed of & 1/4 hp, 120 V, 1800 rpm, de motor. ‘Phe motor rated parameters ato
given in Append.ne D. Steady state performance of the motor was obtained fora

ish s of 2 kHz. Figure 5.6 shows the torque
versus speed characteristics of the sepyrately excited de moter. The theoreticl
torque - speed characteristics were obtained by numerically solving Equation (5.7)

for various load torque values and miodulati : i 1 points §
are alsoindicated in the mmeﬁgure Forlarge A,/ A, ratios, the armature current

" s constant resultingin good speed: regulation. However, for lo A, /A ratios the

experimental results show a slight variation from the predicted results due to load

current tending to-become discontinuous . The speed range also\decrenses as the.

ratio of A,/A, decreases. i

Figure 5.7 shows typical results of power factor ns u function average motor

speed for constant torque operation. upply power factor increnses ns the *

rotor speed increases. Figure 5.8 shows that the distortion fictgr follows tho
pattern of pownr rnctor and also lncrmes at the motor speed incteases. The

displacement factor is unity over the entire speed range as shown in Fig. 5.9.
X .

w 7 ' 2

zhaomuca.l no-load speed is a (uncuon of the converter Awm:hmg signal n.nd is, .
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Figure 5.6:. Torque speed churacteristics of 1/4 Hp: de motor controlled hy three
phase DM converter -
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5.10: continued: (c) input currgnt of one phase (d) corresponding line
1onic spectrum
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Typical experimental oscillograms of the DM motor drive are illustrated in Fig.
5.10. The armature current waveform shown in Fig. 5.10(a) indicates that the
 converter operates'in the continuous current mode, The correspondipg harmonic
spectrum is shown in Fig. 5.10(b). Oscillégrams of the input current waveform

along with the harmonic spectrum are shown in Figs. 5.10(c) and (d).”

5.4 Cdn“xding Remarks

Experi 13; igations of the perf of the three-phase DM converter ,

with R-L and motor lodds suggest that the DM converter provides enhanced power

4 b
factor and low- harmonic distortion. Inclusion of the freewheeling diode acrogs the

converter output terminals allows the load ‘current to be continuous and ripple- -

free. This was demonstrated in the output current osciilogrmns which ‘indicate

low order 1 i n Of the predomi h ics in

the supply carrent, namely the 5th, 7t 11% and 13* are of low amplitude and
are almost constant ¥ the entire operating rasge. These characteristics were
observed for both cases of the converter suppling passive R-L and motor loads. In
the case of “the.dc métor drive, a close agreement was found between th,eo'retical

torque-speed and experimental results.
. \



Chapter 6 - . o Ll

Conclusions

6.1 'Surhmary . o <
R

In this thesis, the analysis and implementation of the gugle-phase and' three-

phase delta modulated ac to d¢ have been d. The predefined

abjectives of lower order harimonic attenuition, versatile control and. improved
operational power factor reqmred for PWM controlled ac/de converters were suc-

cessfully realized using the delta dulati hni The DM techni dif—

fers from the conventional carrier based PWM techniques, primarily due to its

inherent self-carri ability. This charactgristic feature allows a simple
circuit ifnpl ion of the modulator, without any additidnal complex ircyit
qui for synchronization of modulating and carrier signala s is custom:’

ary in most analog based PWM techniques currently in use, Of the family of
delta modulators introduced i chapter 2, the rectangular wave delta modulator
afforded a visble method o control converter ontput voltage. The control method
was implemented "S;Jm asymmetrical control of the hysteresis qiantizer window
widths. .

An analytical model was déveloped based on the intrinsic working principle of

142
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of the wave delta modul 813 . The
model provided a mathematical basis for ly predicting convertor switchs
ing frequency. 1t al lated a ical h for the determination of

the PWM switching instances. Harmonic analysis of the single-phase and three-
phaseDM converter wevélohing wos cartied out using the discrete Fourier trans-
form n.ppmath The converter output vohage and igput current vravidiagiig s

defined in terms of generalized switching functions and the Fourier coefficiénts

. " v 3 5
were evaluated using an efficiest fast Fourier transfgtm (FFT) algorithm.

Simulation results of the gingle-phase DM for different modul

dicated a strong d d o domi 1 s distrit
T

parameters i
with modulator ripple frequency. This enabled the modulator to be designed

to elimi ble harmonic up to a critical harmonic order,

at the expense of increased commutation numbers. These results were verified

both analytically and experi ly on a singlé-phase p pe DM

A’ comparative study of the perf of the tional phase
converter and the DM converter revealed that the DM converter offers the ad-
vantages of higher power factor, lower harmomc dxstortxon and reduced reactive
powee equsemeate. C

The DM technique was extended to control the operation of three-phase ac to

de converters. Simulation results of the converter indicated that the three-phase

DM converter exhibited switching chz istics similar to the single-phase DM

The itching and domi h ic distribu-

ve / -
tion pattern also followed those of the single-phase DM converter. Experimental

i:\vestigncjoﬁQ of the three-phpse DM converter with R-L load suggested thnt‘the




DM converter meets the dhesired switching characteristics required for dc motor

{ drives. Conti mode of cor ion ié feasible by jqclusiox; of afree- © * .
“hesling diode acrossthe outpt terminals. Due to muli pulsewidthiodation " :
the load current ‘is mostly continuous resulting in an lmprovemcnt in the ripple L

- factor. i _ : ‘

an.lly, the perfoxmmce ofa sepnrately excited de motor fed from. the three- .

7 p}wse DM. con}erter was experimentally investigated. It was found that the S

torque-speed ch: ly imp: ‘dueto g
current. This was m:hxeved without the use of any external inductance i m thu i

aciatre ireuit. Sirice the-diiplasasient Sactr wia Held'at T

control range, the power factor also improved.

6.2 Major Contributions . ® .
Major contribitions of this thesis are: i !
o Demonstration of the possible use of delta modulation techinique in .,;ngx‘é, g
‘ phase and three-phs istor ac to de W e~
both analytically and experimentally that the delta modulation technique
used for converter switching gives better 7 than the jonal
: rolled rectifiers, The ility of the delta modulation techi

was found to be better than the sine PWM technique when implemented in

analog circuit.

- ‘s Harmonic analysis of both the single-phase and three-phase DM com ¥

gle-p. T rter

i . waveforms were performed using the discrete Fourier transform ethod. To

N (A _ . /
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use this approach, pertinent converter waveforms were defined in terms of

lized switchi ions and k i o were

evaluated using art FFT algorithm. This method is simple and can read-
ily be, adopted in analysing any complex PWM waveform. Moreaver, the

DFT method is capable of caléplati b-h: i which are

invariably present in PWM waveforms.

Altl}ough the analytical model of the delta modulator presented pertains

to ac to de rters, it can be modified to 'suit inverter

- applications. Since in inverters, the switching waveform exhibits half wave
| ¢ . N . . LA
symmetry, the hyéferesis quantizer window widths are set equal (i.e.” A,

~ g

= A.fA\Yasighon in oulput voltage can easily be obtained by controlling

the amplitude of the refe signal, keepifigoth dul

. constant. Wmh the appropriate substitution A, = An, equations (2.7) to
(2.17) which provide modil hing infofmation are equally

¥ for delta PWM inverters.

6.3 Recommehdations for Future Work

A
Recommendations and avenues for future work include:

A4, Analysis of the three-phase DM converter d was based on the dis-
continyous current mode of operation encountered with resistive loads. Al-
though performance of the converter with R-L and motor loads was inves-

2 : tigated ifientally, detailed theoretical analyses were not within the

scope of this thesis. It is suggested that the study be complemented by

theoretical analysis of the converter performance due to continuous load
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current-operation with passive R-L and active motor loads. Secondly, it is

recommended that a family of characteristic curves he developed to define
dlscontmuous and continuous regions of DM converter opernhon for variaps

modulator punmeters and diffegent load conditions.

‘Gompasstive evaluation of the 6f the DM convetter with other
PWM controlled coriverters should be und%ta.kem )

c immpl jon of the DM technique is ided. Since it

is possible to predefine the delta PWM switching signal, the DM tect

can be i l using a

control system.

Design of the DM converter fed motor drive with regenerative braking ca-

pability shou]d also be undertaken.

. Investigate the performance of adaptive delta modulators, especially the

tuned lar wave deltd modulator and its applicability for both con-

trolled rectifier and inverter systems.

-,. % ) / -
E . N
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Appendix A

Derivation of DM Switching Instances ~

The differential encoding principle of the delta modulator results in the switch-
ing pulses to be qunntized only in amplitude and not in time. The -width of

pulses are intrinsically d ined by the b is quantizer in the
fecd{urwn.rd path (Fig. 2 5). Determination of the pulse widths is simplified by

the | as a bilevel quantizer with memory. When-
ever the magnitude of the carrier wave exceeds the comparator thrqshold limit,
it toggles state and each change of state results in a pulse transition i.c from +V,
to ~V, o vite - versa ns may be the case, Hence as seen in Fig. A.1, the carrier
wave appoars to be bounded by the 4, and Ay threshold levels and oscllates

etween these preset limits.Each ds to a pulse width.

Since each pulse transition is a function of the previous quantizer state (sample
value), it is necessary to determine a ustique switching instant which will be
the reference time instant for successive switching points. At system initiation,
the carrier wave vc(f) begins to track the modulating sinusoidal sfgnal va(t) as
shown in Fig. A.1. Therefore, the first switching Instant, ¢, can be analytically
determined by equating the instantancous magnitudes of ve (t) andwip(t) as follows

M, - t, = Vasinwnt; + A,
o = Vasinunti 4, )
. M’ .
The next subsequent switching point is obtained as ]
M, (ts—=t)) = (Vrsinwmti +4,) — (Vasinwnt, — A,)

(IR 1
z o= t+ i {(Ap + An) + VR sinwnty — Vesinwntz}
In general for each ive even switching|i i=2,4,6,...

|
ti= ne ﬁAp + AP Maticy + Vasinwntioy — Vesinwmt;}
M, “‘

N -




=
=)

" Figure A.1: Gruphical encoding process of the deltn moduliator
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~ " Similarly for odd values, i =3,5,7,...
7 F {(By + An) + M;, iy — Vrsinwntioy + Vi sinwmts}
where Ay = positive window width
An = negative window width .
M, = rising slope of carrier ve(z) ’
_ M. falling slope of vo(t)

" W frequency of reference signal vp(t) < o2

Va = amplitude of va(t),

The above ions are d ﬁo provide the swm:hmg in- "

stances. The Fortran computer program is listed in appendix B.




Apﬁendix B

Computer Programs

- J
B.1 Numerical Sglutinn of Delta PWM Switching Instances
c .
c PROGRAM_SOLVES THE CHARACTERISTIC DELTA MODULATION
< EQUATIONS AND PROVIDES SWITCHING INSTANCES: . IMSL
c ROUTINE ZREAL (V:10) IS USED TO SOLVE THE EQUATIONS.
c DELTA.DAT=0/P DATAFILE WITH ALL SWITCHING INFO.
c PWM.DAT=0/P DATAFILE CONTAINING SWITCHING POINTS
COMMON_PDELV ,MDELV, VR, SLOPE, OMGA, FLAG , EQN
REAL EPS,ERRABS,ERRREL , ETA,OMGA ,PDELV , NDELV , MP ¥
REAL SPT$(1000) ,LINIT
EXTERNAL Fi,F,ZREAL
EXTERNAL CARRIERWAVE,PWMWAVE
OPEN(UNIT=9,FILE=’DELTA .DAT’ , TYPE=’NEW’)
OPEN(UNIT=7,FILE="PWM.DAT’ ,TYPE='NEK’)
¢ ; .
FR=60.
PI=2.*ASIN(1.)
OMGA=2, *PT#FR 4
TMAX=1./FR
TMAX2=TMAX/2.
CRIT=THAX2-(TMAX2%20.E~6)
c
c SET MODULATOR PARAMETERS
c
W WRITE(6,*) ENTER: VS+, VS-, VR, TAU=(1/RC)’
READ(S,%)VSP, VSN, VR, TAU .
R1=10.E3
R2=100.E3 ¥ .
RATIO=R1/R2 ) /
PDELV=VSP*RATIO .
MDELV=VSN*RATIO
MP=VSPATAU ’
MN=VSN#TAU  *
WRITE(9,2)M8P,
2 FORMAT(5X, ’vsw =] ,F10.4,3X,'VS- = ,F10.4,/)
WRITE(S, 49TV, RATT0
4

FDRHAT(EX, ’TAU =’,F10.4,3X,’RATIO =’ ,F10.4,/)/
WRITE(9,6)PDELV,MDELV .
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i 15
“
6 FORMAT(5X,, > PDELV = ,F10.4,3X,’MDELV=? ,F10.4,/) -
WRITE(9,8)MP,MN . ¢
8 FORMAT(5X, ’MP =’ ,F10.4,3X,'MN =?,F10.4,//)
[ . .
c CHECK FOR SLOPE OVERLOAD
' - : \
IF((MP .LE (DHGA‘VR)) .OR. (MN .LE." (OMGAXVR)))\THEN
: unrrs(e ) . .
1 - FORMAT(5X , *SLOPE OVERLOAD OCCURS’//) ) e
P -
“ENDIF e 5
e
WRETE(S,10)" « .

WRITE(9,10) .
10 FORMAT(13X, ’T?,14X, ’SEC‘ V7))
SPTS(1)=0.0
20 FORMAT(11X, I3,6X,E15. D £ s

c ASSIGN SUBRQUTINE PARAMETERS -

51,2
ERRABS=1.E-8
ERRREL=1.E-8
ETA=1.E-2
ITHAX=500

. HROOT=1
XGUESS=1.E-5

CALCULATE FIRST SWITCHING POINT -

aaa

Ne=i
SLOPE=MP *
CALL ZREAL(F1,ERRABS,ERRREL,EPS, ETA,NROOT, N

* ITMAX,XGUESS X,INFO)
SPTS (N+1)=X

c
C CALCULATE SUBSEQUENT SWITCHING POINTS \7 .
c - ‘

50 NeN+1 2 . -
IF(JMOD(N,2) .NE. O) THEN .
FLAG=-1.0

SLOPE = NP
ELSE

FLAG=1.0

SLOPE = MN . e

ENDIF 2
EQN= (PDELV+MDELV) +SLOPE*X+FLAG*VR*SIN (OMGA*X) N L



acaa aaaaa

Q

@
2

STOP
END

XGUESS=X*1.50
CALL ZREAL(F,

» ERRREL , EPS,ETA, NROOT ,

* ITHAX ,XGUESS,X, IHFD)

IF(X .GE. TMAX2)X'TMAX2 \
_SPTS (N+1)=X

IF (X .EQ. TMAX2)GOTO 55

IF (X-.LE. CRIT)GOTO 50
WRITE(6,#)’N =N .
NPTS=2x*N+1 * Bt

HRITE;S *)NPTS=’ pllPTS

.D0 70 I'(H*l) NPTS
SPTS(I)ISP’FS(I-H)+THAX2

WRITE(7,*)NPTS

D0 80 I=1,NPTS

II=I-1
WRITE(7,%)SPTS(I)
WRITE(9,20)II.,SPTS(I)

SUBROUTINE PWMWAVE CREATES A PLOTTING FILE OF

THE DELTA PWM SWITCHING WAVEFORM FROM THE
COMPUTED SWITCHING POINTS

CALL PHMHAVE(SPTS,TMA“.HPTS) <

INCLUDE SUBROUTINE CARRIERWAVE TO OBTAIN PLOTTING

FILE OF THE CARRIER WAVEFORM

CALL CARRIERWAVE(NPTS,PDELV ,MDELV,OMGA,SPTS)

C
C FUNCTION DESCRIBING FIRST SWITCHING POINT EQUATION
C . P .

RPAL FUNCTION F1(X)
MMON PDELV, MDELV VR«;SLUFE OMGA,FLAG,EQN
AL OMGA,PDELV
1=(PDELV+VR*SIH(UHGA*X))/SLUPE'X

RN

END

C:
c GE}{{ERAL FUNCTION FOR ALL SEBSEQUENT SWITCHING POINTS

mL FUNCTION F(X)

COMMON PDELYV, nmzx.v vn SLOPE, OMGA,FLAG,EQN
REAL OMGA,PDELV
F-(wu-FLAsavnasm(oucpx))/sx.aws-x
“RETUR
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Single Phase DM Converter Analysis

Input Current Harmonic Analysis

c
c
C
-c
c
c

INPUT CURRENT HARMONIC ANALYSIS OF 1-PHASE DM

leﬂwnmm’_/’
~WAVEFORM S DEFINED FROM THE DELTA PWM SWITCHING

POINTS. PERFORMANCE PARAMETERS OF THE 1-PHASE
CONVERTER ARE ALSO COMP!
1PLC.DAT=0/P FILE CONTAIN Iﬂ, HARMONIC SPECTRA

10

* OMGA=2 +PI*FR

REAL  SPTS(1000) ,PWM(4096),CN(2049) ,PHI(2049).

REAL  OMGA,TRMS,I1,IH

INTEGER CHECK, nn(2049) &

EXTERNAL FFT

EXTERNAL RECONSTRUCT

OPEN (UNIT=5 , FILE=’PWM.DAT® , TYPE="0LD’)

OPEN (UNIT=9 , FILE=’ 1PLC.DAT’ ,TYPE="NEW’)

FR=60.

PI=2.#*ASIN(1.) . 3
X=1./FR

READ(S, $)NPTS

D0 10 I=1,NPTS S~

READ(S,#)SPTS(I) -

DEFINE LINE CURRENT WAVEFORM FROM PWM SWITCHING POINTS

CHECK=(NPTS-1)/2+1
IF(JMOD(CHECK, 2) Eﬂ 0) THF.I
NPTS=NPTS-

DO I-CHECK (NPTS) ¥
SP’YS (!)-SPTS(Bl)

ELSE
NPTS=NPTS
END
TSAH’LFJ-THAX/(i **12.-1.)
DELTS=0.
HMAX-=NPT5-1
Kv1

DO 100 I=1,NMAX
IF(JHOD(& .IIE4 0) THEN
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I

ELSE : :
5 FLAG=0.0
ENDIF. 2
99 PHM(K)=FLAG*SQRT(2.)*SIN(OMGA*DELTS)
DELTS=DELTS+TSAMPLE
K=K+1
. IF(DELTS -LE. SPTS(L))GOTO 9f
100 CONTINUE
. NSAMPLE=K-1 . .
NCOEFF=NSAMPLE/2+1

c
[ COMPUTE FUURIER COEFFICIENTS ?
c .

CALL FFT(TSAMPLE,NSAMPLE,NCOEFF ,PWM,HN,CN, PHI)
WRITE(9, t) 01
DO 25 I=1

25 WRITE(S, a)lm(l) CN(I)

. C
. 4 CALCULATE CONVERTER PERFORMANCE PARAMETERS : )
c . A

I1=CN(2)
IRMS=0.0
DO 17 I=1,100 -
17 IRMS=IRMS + (CN(I)**2.) '
IRMS=SQRT (IRMS)
WRITE(6,*)’I1=’,11
. WRITE(6,*)’I(rms) = ’,IRMS
DSF=COS(PHI(2))
DTF=I1/IRMS
' PF=DTF4DSF -
WRITE(6,*) ’Power Factor =’,PF
WRITE(6,*)’Displacement Factor =’,DSF
WRITE(6,*) ’Distortion Factor w’,DTF

INCLUDE SUBROUTINE RECONSTRUCT TO GENERATE PLOTTING

FILE OF CONVERTER SHITCHIIIG WAVEFORM FROM COMPUTED

FFT COEFFICIENTS.

CALL RECDIISTRUCT(IISAMPLE CN,HN,PHI,0MGA) 5

it STOP
A END
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B.2.2 Output Voltage Harmonic Analysis .

- C DUTPUT VOLTAGE HARMONIC ANALYSIS OF 1-PHASE DM
C CON’ ‘ER USING FFT ALGORITHM. OJIPUT VOLTAGE - .
€ IS DEFINED FROM PWM COMPUTED PWM SWITCHING POINTS. 4
C CONVERTER PERFORMANCE PARAMETERS ARE ALSO COMPUTED.
P C 1PVO.DAT=0/P FILE CONTAINING HARMONIC SPECRTA-~ 5 .

a

# BEAL .- SPTS(1000) , PHM(4096);CN(2049) , PHI(2049) OMGA
. INTEGER HN(2049)
L EXTERNAL FFT
c EXTERNAL RECONSTRUCT .
v OPEN (UNIT=5, FILE="PWH.DAT? , TYPE=>OLD’)
OPEN (UNIT=9,FILE=’1PV0.DAT® ,TYPE=NEW')  * B
> FR=60. A
PI=2.*ASIN(1.)
v OMGA=2 . *PI*FR .
4 TMAX=1,. /FR ¢
TMAX2=THMAX/2 . , E
READ (S, #)NPTS
D0 10 I=1,NPTS .
10 READ(S , *)SPTS(I)
: 3 TSAMPLE=THAX2/(2.##12.-1.)
: DELTS=0.
K=1

DEFINE OUTPUT VOLTAGE WAVEFORM FROM PWM SWITCHING PTS

aaa

1=1

88 Lel+
n‘(swsu) .GE, mez)cnm 100 , - .
IF(IMOD(1,2) .NE. 0) Tl -

- FLAG=1..

-ELSE

FLAG=0.0
3 ENDIF .
s 99 PHWM(K) =FLAG*SQRT (2. ) *SIN (OMGA*DRLTS)

DELTS=DELTS+TSAMPLE
K=K+1

i IF(DELTS .LE. SPTS(L))GOTO 99 .
IsI+l
GOTO 88

100 NSAMPLE=K-1 k
NCOEFF=NSAPLE/2+1 \

'c COMPUTE FOURIER COEFFICIENTS /



aaa

aaaaaa

25

17

CALL FFT(TSAMPLE,NSAMPLE, NCOEFF ,PWM , HN,CN, PHI)
WRITE(9, t)m

DO 25 I=1,

WRITE(9, ‘)RI((I) [v]¢9)

DETERMINE OUTPUT PERFORMANCE PARAMETERS

VO=CH(1)/.9
VRN=0:,

7 1=2,100 ;
DO 17 T -

VRN=VRN +((CN(I)*+2.)/2.) :
VRMS=SQRT(VO*VO. + VRN)

WRITE(6,*)Vo =’ V0

WRITE(6,*)'V(harnonics) =',VRN

WRITE(6,*)'V(rms) =’,VRMS

RF=VRN/VO

WRITE(6,*)'Ripple Factors’,RF

INCLUDE SUBROUTINE RECONSTRUCT TO GENERATE PLOTTING

FILE OF CONVERTER SWITCRING WAVEFORM FROM COMPUTED

FFT COEFFICIENTS. I3
CALL RECONSTRUCT (NSAMPLE,CH, HN , PHI, OMGA)

STOP
END

S~
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Three Phase DM -C.onvertér Analysis

Input Current Hnngmnic Analysis’

acaaaan

INPUT CURRENT HARMOJIC ANALYSIS OF 3-PHASE DM
CONVERTER USING FFT ALGORITEM. mcm DEFINES -
3-PHASE LINE CURRENT WAVEFORM

DELTA SWITCHING ans° PERF(

ALSD ¢

3PLC.DAT=0/P rxu: “OF “HARONIC SPECTRA .

-

10

20

‘REAL SH'S(!.O?O) , PWi(4096) , Cl(2049) PHI(!MS) OMGA
REAL: $W(1000; IR.HS.II:

INTEGER HH(2049)

EXTERNAL FFT . .

.EXTERNAL RECONSTRUCT -

OPEN (UNIT=5,FILE='PWM,DAT’ ,TYPE='0LD’)
OPEH(UIIT-Q FILE=’3PLC.DAT’ , TYPE="NEW’)

?1-2.cAsru(1.) g :
OMGA=2.*PI#FR . ‘
T60=1./360.

_READ(, %) (SPTS(1), I=1,NPTS)

TSAHPLE-I J(FRe(2.#212.-1.))

DEFIKE LINE CURRENT WAVEFORM FROM DELTA SH!TCEIIG POIYIS

. DELTS=0.

k=1,

I=1

L=I+1 ¢

SW(I)=SPTS(I) $ ¢ . 5
IF((SPTS(I) .LT. T60) .AND. (SPTS(L) .GE. T60))GOTO 15 \
T=I+1" '
GOTO 10 s

NMAX=4+I+1

NMAX2=2¢T+1 . -~ c
142451 = - -
12=241, . N
IF(IMODCI,2) (EQ. 0YGOTO 30 . i

D0 20, J=(1+1),(2%1-1) ’ . .o \
N=J+1-1 : .
SW(J)=SH(N)+T60
SW(I2)=2.%T60 .

N7
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‘aaa

26

]
36

40
88

99 -

100

250

. IF(DELTS .GT. 5.%T60)X=0.

163

DO 26 J=NMAX2, (4*1)

N=J-2xI

SW(2)=SH(N)+3.#T60
SW(NMAX) =6 . *T60

GOTO 50 .

DO 35 J=(I+1),(2%I) . : Lo

b
) =SH(N)+T60 . .
J=(NMAX2)', (NMAX) : . -
N=J-2%1 T
SH(J)-SHIHJK! *T60 . . 5

L-Iﬂ.

IF(SW(I) .GE. 6.%T60)GOTO 100
- IF(IMOD(I, 2) .NE.. 0) THEN

AG=1.

. FLAG=0.0
ENDIF % : a .
IF(DELTS .JE T§0)X<DELTS+T60
IF((DELTS .GT. T60).AND.(DELTS .LE. 2+T60))X=DELTS .
IF({DELTS .GT. 2.*T60).AND. (DELTS .LT. 3.%T60))X=0.
IF((DELTS .GE. 3.%T60).AND, (DELTS .LE. 4.%T60))X=(2.¥T60-DELTS)
IF((DELTS .GT, 4.4T60).AND.(DELTS .LE. 5.%T60))X=(3.#T60-DELTS)
‘PWM(K) =FLAGHSIN (OMGA*X) - '
DELTS=DELTS+TS , ,

K=K+1 " /
“IF(DELTS .LE. SW(L))GOTO 99 e

I=I+1 "

GOTO 88 »

NSAMPLE=K-1 -
NCOEFF=NSAMPLE/2+1

COMPUTE FOURIER COEFFICIENTS

CALL FFT(TSAHPLE NSAHPLE NCOEFF ,PWM, HN, Cll PHI)

WRIT! )101 pe
DD’Zgggl-i
WR. E(9 ~)HII(I) CII(I) i

. CALCULATE PERFORMANCE PARAMETERS

I1=CN(2) -
uma(s #)1,I1

DO J

Ji-s*J

J2m6%J+2




o

‘WRITE(6,*) J1-1,CN(J1)

WRITE(6,*)J2-1,CN(J2) ¥
END DO ]
IRMS=0.0

0 17 I=1,100

17 ..~~IRMS=IRMS '+ (CN(I)*#2.)
)

WRITE(6,*) ' I(Zns), = ',nms -
TETA=PHI(2)-PI3

DSF=COS (TETA)

DTF=I1/IRMS..-

*PF=DTF*DSF - g
WRITE(6,%)’Power Factor =',PF .
HMTE(S,') 'Displacement Factor =’ ,DSF
WRITE(6,*) *Distortion Factor =’,DTF

c
c INCLUDE SUBROUTINE RECONSTRUCT TO GENERATE PLOTTING
c FILE OF GONVERTER SWITCHING WAVEFORM FROM COMPUTED
c FFT COEFFICIENTS,
c CALL RECONSTRUCT(NSAMPLE,CN ,HN,PHI,OMGA) -
c
SsToP I . . )
END )
.
P Ve »
.
i
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aaaaaaqg w

Output Voltage Harmonic Analysis
OUTPUT VOLTAGE HARMONIC ANALYSIS OF S-PHASE DM \
CONVERTER ‘USING FFT ALGORITHM. PROGRAM DEFINES
OUTPUT VOLTAGE WAVEFORM ACCORDING TO THE COMPUTED
DELTA SWITCHING POINTS. PERFORMANCE PARAMETERS ARE

ALSO COl

IMPUTED
- 3PV0.DAT=0/P FILE BF HARMONIC SPECTRA

taa

88

99

REAL SPTS(XOOO) PHHS'!OBS) Cll(20492( PHI(2049), UHGA
INTEGER HN(2049)

EXTERNAL 'FFT

EXTERNAL RECONSTRUCT

OPEN(UNIT=5,FILE="PWM.DAT? ,TYPE'-"DLD')

" OPEN(UNIT=9, -FILE-'SPVEI DAT’ ,TYPE=’NEW’) "

FR=60.
PI=2,*ASIN(1.)

OMGA=2. *PI*FR.

T60=1./360. . .

VOPU=3./P1

READ(S, *)NPTS

IREAD(5, *) (SPTS(I), I=1,NPTS). :
TS=T60/(2.%*11.-1.) . ’ s
DELTS=0.0 N

K=0

DEFINE OUTPUT VOLTAGE WAVEFORM FRUH‘PHH SWITCHING POINTS

I=1 |
L=I+1

IF(SPTS(I) .GE. Tso)uu'ro 100,
IF((SPTS(I) .LT. T60) .AND. (SPTS(L)
IF(SPTS(L) .GE. TGO)SPTS(L)-TGO .
m(moo(x 2) .ns: 0) THEN

T@T60))SPTS(L)=T60

ELSE : :
FLAG=0.0
ENDIF - .
KaK+1 .
X=DELTS+T60
PWM(K) =FLAG*SIN (OMGA*X) i .
DELTS=DELTS+TS
IF(DELTS .LE. SPTS(L))GOTO 99
ImI+i -y
GOTO 88
NSAMPLE=K
NCOEFF=NSAMPLE/2+1




A

aa

"acaa

acancaa

. COMPUTE FDUI\IER COEFFICIENTS / !

250

CALL Pn'('rsmuz NSAMPLE, NCOEFF ,PUM, HN,CN, PHI)
WRITE(9, -)101

DO 450 I=1,

WRITE(9, -)ml(l) CN(D) NI

DETERNINE PERFORMANCE, FARAMETERS .

VO=CK(1)

VRN=0.

DO 17 I=2,4 .
VRN=VRN +((CN(I)**2.)/2.)
VRMS=SQRT(VO*VO + VRN)
WRITE(6,%)’Vo (pu)= ’,VO/VOPU
WRITE(6,*) 'V (harnonics) =’ ,VRN
WRITE(6,%)>V(rms) =’,VRMS
RF=VRN/V0 ¥
WRITE(S, *) 'Riphle Factors’,RF

INCLUDE SUBROUTINE RECONSTRUCT TO GENERATE PLO'
FILE OF CONVERTER SWITCHING WAVEFORM FROM CDHP
FFT COEFFICIENTS.

CALL RECDHSTRUCT(HSAHPLE CN,HN,PHI GKG})

stop, . d ’
END :

=,
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sy
B4 Subroutines

B.4.1  Subroutine FFT -

C SUBR.DUTINF TO COMPUTE THE FOURIER COEFFICIENTS OF A . o b
C SAMPLED DATA AHRAY VIA IMSL‘ROUTINE FFTSG (VER:. 9.2)
C

i SUBROUTINE ", FFT(TSAMPLE, DISAHPLE NCOEFF,PWM, HN,CN, PHI) o
REAL  PWM(4096) , S.T(2049) CT(2049) PHI(2049) CN(2049) ® g
+REAL IHK(12) WK(12) R
INTEGER ml(2049) .

COMPLI CWK(2049) -
EXTERNAL FFTSC

DETERMINE FREQUENCY COMPONENTS

aaa

DO J=1,NCOEFF
H=(FLOATI(3)-1. )/(NSAHPLE*TSAHPLE*EO )

HN(J)=ININT(H), . :
END DO -

COMPUTE CUEFFICIE;‘TS

caa

CALL FFTSC(PWM,NSAMPLE,ST,CT, INK, ux CHK) : -
. DO K=1,NCOEFF
CT(K)=CT(K) /NSAMPLE > :
ST(K)=ST(K) /NSAMPLE .
END DO ,
CT(1)=CT(1)/2:0 : . >
ST(1)=ST(1)/2.0- % .. <1
¥CT(NCOEFF)=CT (NCOEFF) /2.0
. . ST(HCDEFF)-ST(IICDEFF)/Z 0
<+ :DO I=1,NCOEFF
cn§1)-sqa1‘,(c’r(1)uz L +ST(I)*%2.)
* - PHI(I)=ATAN2(ST(I),CT(I)) R
- END'DOT ¢ -
RETURN
END -
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- T -
B.4.2  Subroutine PWMWAVE
: W
. SUBROUTINE TO GEN PWM SWITCHING WAVEFORM FROM '
| - COMPUTED SWITCHING POINTS
% |  PNMWAVE.DAT=0/P FILE CONTAINING PLOTTING DATA:

[of
c
o]
v c
C

SUBRQUTINE PWMWAVE(SPTS,TMAX2,NPTS)

REAL - SPTS(1000) ,M(1000) , P(lOOO)
DPEH(U}IIT-H FILE"P"H"AVE DAT’ ,TYPE=’NEW’)
MPP:

DO 120 J=2,NPTS' .. _ '
IF(J .KE. (NPTS)) TH
IF((SPTS(J) .EQ. -nuxz) AND. (P(L»1) .EQ. AMPP)) FLAGR-1.0"
IF (FLAG .GT. 0.0) THEN
IF(JMOD(J,2) .EQ. 0) THEN '
H(L)=SPTS(J)
P(L)-AHPP

H(L)-SP‘!‘S(J)
P(L)=AMPN
LaL+1 .
ELSE . St
M(L)=SPTS(J) ! .
P(L)=AMPN ~

L=L+1 \—’ .
M(L)=SPTS (J) ‘

P(L)=AMPP
LaL+1 |

ENDIF =

ELSE
IF(SPTS(J) .NEx TMAX2) THEN
IF(IMOD(J,2) ms 0) THEN

M(L)<SPTS
P(L)-AMPP

u(x.)-swsu) T
o P(L)=AMPN
LaL+1

ELSE
¢ H(L)-SPTS(J)
P(L)=AMPN ¢ L .
LuL+1 » X x :
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B e
M(L)=SPTS(J)
P(L)=AMPP
A Lal+1
2 ENDIF .
ENDIF
-
' ELS|
k IF(P(L-1) sn AHPII) “THER
. 4 M(L)=SPTS(J)
: = 5 P(L)=AMPH
ELSE
g ML) =SPTS(3)
/ P(L)=AMPP
B : ¥ H(L)-SPTS(J)
.. ’ P(L)=AMPN
: ENDIF
ENDIF
120 CONTINUE
DO 130 I=1,L. 3
‘%20 WRITE(11,140)M(I), P(I)
0 FORMAT(Fi1.8,5X,F8.4)
o RETURN
| END
. N . N
e . S N P
/4
A
o e
\ -




Subroutine CARRIERWAVE )

c ik : '
c. SUBROUTINE TO GENERATE CARRIER WAVEFORM FROM

C . COMPUTED SWITCHING POINTS.
c
c

CARRIER.DAT=0/P FILE CDHTAIHING PLOTTING POINTS '

SUBROUTINE CARRIERWAVE(NPTS, PDELV MDELV, OMGA, ,SPTS)

~ REAL SPTS(1000), CARR(1000) , LIMIT PDBLV MDELV ~
\ - EIPEDI(UIIITBiS FILEH’CARRIER DAT’ ,TYPE=’NEW’)
4 CARR(!)-O 0
v .D0 150 I=1,NPTS

IF (I .NE. 1) THEN

IF(IMOD(I,2) :EQ. o) THEN
) LIMIT=PDELV
- . ELSE

G A L1nrr=-nm-:z.v
e ] ’ '
v cnm(I)-vnu-sm(nHGAtsp'rs(I))ﬂ.mrr
EN
- 150 ﬂnxm(xs,mo)sws(l),(;Mm(x)
RETURN '
END e, <
B ©
” v !
R . 3
il
'
. .
. 1y ‘
]
‘\\ . !
\ & ’ 7 n

B



B.44 . Subroutine RECONSTRUCT ' {

; \ SUBROUTINE TO RECONSTRUCT PWM WAVEFORM FROM
\  COMPUTED FOURIER COEFFICIENTS ‘
| ﬁECUNS’LDAT-ﬂ/P FILE CONTAINING PLOTTING POINTS 5

_SUBROUTINE RECONSTRUCT (NSAMPLECN,HN,PHI,0MGA)
REAL ~ RMW(500),CN(2049):,PHI(2049) ,0MGA
INTEGER HN(2049) ; o"
OPEN(UNIT=10,FILE=’RECONST.DAT® , TYPE='NEW’) :
INDX=1 .
T=0.
WRITE(6,*) 'ENTER: PMAX (deg)’
READ (6, *)PMAX S
DELT=(PMAX-0.)/500.
650  RMW(INDX)=0.0
T SUMT=0.0 —
i DO 700 I=2,NSAMPLE
RX=CH(I)#COS (FLOATJ (N (1)) *OMGA#T- PHT (1))
SVIHT-SUHT RX
700 CONTI
mu(1nnx>-cu<1)+sum
WRITE(10,%)T,RMW(INDX)
T=T+DELT S B
R . INDX=INDX+1 4
e IF( T .LE. PMAX)GOTO 650 - . .
Wi RETURN . '
END




o Appendix C

.Schematic Diagrams
C.1:  Single phase delta modulator
C.2:  Base drive circuit
.
-
"
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.
. Appendix D : . oy
. . ' .. . " ) +
; N } . -
Circuit Parameters -
- Motor, rating and paranteters: Lo
Rated power _ 186.5'W (1/4 hp)
Rated voltage 120V
Rated current . 28A .
Rated speed 1800 rpm
. Armature Resistance 8.0 Q “ -~
Motor:constant '0.63 V.s/rad - . B '
. _ , |
Power transistor parameters:
Type P Motorola 2N6251
Vos - 350 V . e
. Ic continuous 15 A
> I peak .- 30 A
z Pp 175 W
. Risg time ¢, 2.0 pis /
Full time t; 1.0 pis
, * . / ’ - !
4
. y i ;
P ¥
B ‘
. 3 ' 7
; e
I V- ! . ¢ e
. f : 4
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