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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




s T ALY N RS PN

s . » )
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.
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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.