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Abstract

Power inverters are devices used for‘conversion of dc electrical energy to ac elec-
trical energy. The simplest semiconductor inverters are the square wave inverters
which take dc in their inputs and produce square waves at their outputs of arbitrary
phase and frequency, determined by the rate of switching of the power converters.
With an aim to meet the requirements of simultaneous control of voltage, frequency
and harmonics of the output voltage of inverters, pulse width modulation(PWM) is
being used in inverter control. One of the commonly used puise width modulation
technique in inverter control is the sine PWM. Inverters have may uses in drives,.
uninterruptible power supplies, DC link for VDC transmission, and induction heat-
ing etc. One of the main distadvantage of inverters is the presence of ha.rmoﬁics at
the output voltage and input current. It has been a constant effort of researchers
to reduce the harmonics to desired level and hence minimize the filter requirements
at the output and input side of the inverters. In the past such harmonic minimza-
tion technique was developed by set criteria on harmonics and determination of
desired switching points by laborious computer solution of large number of simul-
taneous transcendental equations. After these switching points were determined,
the modulated wave pattern was produced by micro-computer implementation, this
process works well for single frequency operated inverters. However, for continu-
ously variable frequency devices like in drives, such implementation would require

large memory of very fast computers.



Recent studies reported delta modulation technique may be advantageously
used for controlling various static power converters like controlled rectifiers, invert-
ers and switch mode power supplies. Most advantageous feature of delta modulation
is its simple implementation and easy controllability. It has been demonstrated in
the reclent past that rectangular wave delta modulation technique can be success-
fully used for waveform synthesis on-line. Towards this goal double integrator delta
modulator and tuned delta modulator were used. The two techniques showed that
the harmonic minimization of inverter output voltage is possible on-line. However,
previous methods have the drawback of significant reduction of fundamental voltage
during the on-line minimization process. With an aim to get rid or reduce such fun-
datnental voltage reduction, this thesis proposes a new configuration for the delta
modulation. The proposed modulation has a variable step hysteresis window in the
feedforward path of modulator. In this thesis an attempt has been undertaken to
analyze the performance of this newly proposed modulator with respect to inverter
operation. It has been shown both analytically and experimentally that the pro-
posed modulator has significant improvement in performance in terms of harmonic
minimization than those reported earlier. To substitiate the validity of the claim,
the analysis and experimental verifications were extended to -the previously reported
tuned rectangular wave delta modulator and the results thus obtained are compared

and presented in the thesis.
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CHAPTER 1

Introduction



This chapter is devoted to anintroductiontﬁinverters and their applications.
The advances in power electronics made it possible to the introduction of various
types of inverters. The two basic types are the voltage source and the current
source inverters. According to the need of the applications, various controls and
modifications are incorporated in tHe basic circuits. One of the most versatile
control techniques is the pulse width modulation (PWM) techpique. Presently
various PWM techniques are in use for inverters to drive motors. The aim of the
present work is a detailed analysis and the implementation of a newly proposed

variable step delta modulation technique for inverters.

1.1 Introduction.

Inverters are used to transfer energy from dc to an ac of arbitrary frequency
and phase. More specifically, these are used in drive systems to provide power for
adjustable frequency motors, to regenerate energy back to ac line from decelerating
dc motors, and-to pump rotor power back to the ac line from wound rotor induction
motors. In non drive systems, these are used to supply uninterruptible ac bower to
computers and to convert energy between ac and dc at the terminal of high voltage
dc power transiission line. Inverters are also used for standby power supplies and

for induction heating[1].

Various types of inverter circuits have been developed so far, the variations were
introduced by the requirements of load and cost eflectiveness of inverters. In most
inverters, 1t is necéssary to control output voltage and frequency. As the inverter

output is usually nonsinusoidal, harmonic reduction schemes are also desired.

In solid state inverters, both transistors and thyristors are used. Thyristor
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(JS,;(—;-—E) circuits take precedence where high power is involved. However, other things
being equal, there is a generai preference for the use of transistors. SCR circuits per-
form well wherever commutation can be successfully implemented and maintained.

At present SCRs have greater power handling capability and find wide application
in inverters of high power ratings. However, this may change eventually with the
evolution of high power transistors in the future. Because of the present SCR ca-
pability of higher power handling, most inverters and converters for drive systems

use the thyristors as the main controlling elements.

Inverter applications are wide and increasing in all types of applications. In
fact, semiconductor devices have their greatest impact in the electric power industry,
especially on the technology of electric motor drives. These led to the widespread
use of adjustable speed drives, a radical change in the control and conversion of
electric power for commercial and industrial use, and the development of new mo-
tor drive systems. Motor drives probably represent the largest market for power
semiconductors. Thyristors as the means {or controlled rectiﬁcationl was the instru-
ment lor the rapid development of motor drives of all types, sizes and applications.
Like other power semiconductor circuits, inverters find their widest applications n
adjustable ac motor drives. Variations of ac motors’ speed can be achieved most
effectively by variation of voltage and frequency of the supply. Presently static
controllers for such variation are voltage controllers, cycloconverters and inverters.
AC voltage controller control the sbeed to a very limited range by voltage variation
only. The cycloconverter circuit is limited to the use of speed variation for low
frequency operation because of its restrictions of the output frequency. As a result,

static inverters take precedence over other types of converters in ac motor drives.



1.2 The Pulse Width Modulated Inverters.

It has been mentioned that static inverters are finding wide uses in ac motor

drives. Two main inverter types using a dc link at one end are,
1. Voltage Source Inverters (VSI),
2. Current Source Inverters (CSI).

Classification is done by whether current or voltage at the dc link is the con-
trol parameter. Depending upon the control variability and commutation methods
employed in SCR inverters, the invertes may be subgrouped in a variety of ways.
Besides the main types, pulse width modulated inveters are very prominent in ac

drive systems[2-6].

Normalvoltage source inverters and current source inverters have the incon-
venience of generating square wave at the output of the inverter containing con-
siderable amount of low order harmonics. These inverters also need double power
conversion processes for simuﬁtaneous voltage and frequency control. Usually in
ordinary inverters, voltage control is achieved with a controlled rectifier on the in-
put side of the inverter. For simultaneous voltage control with frequency change,
additional control circuit is necessary. Howéver, these problems can be overcome
using PWM operation of VSIs and CSIs. The objections to typical VSIs and CSls
disappear if the inverter is supplied by a fixed voltage dc link and switches are oper-
ated at higher frequencies so as to chop the output waves for the double purpose of
voltage control and low order harmonic elimination. Basically PWM makes use of
elaboration of the inverter control circuitry to permit variation of the ratio between

dc input voltage and ac output voltage of the inveter itself.



Pulse width modulation technique accomplishes both the voltage and {requency
regulation in the output of the inverter. The input ac supply is rectified and filtered
at fixed full voltaé;e. The inverter section is arranged to switch the dc in such
a manner that the line to line voltage consists of a series of pulses. Pulses are
arranged to be of varying width so that its average leads to a sine wave. This
technique is the most sophisticated and complex in static variable frequency drives.
It has advantages when full torque capability is required at low speeds. Three most

commonly used modulation techniques in PWM inveters are,
1. Single Pulse Modulation,
2. Multiple Pulse Modulation, and
3. Sinusoidal Pulse Modulation.

In s'}ngle pulse modulation, the usual positive a.nd_negative hall cycle of a
square wave at the output of the inverter are width modulated to vary the output
voltage. Frequency change is also achieved in the same circuit (Fig.1.1(a)). In
single pulse modulation, the harmonics at the output of the inverter increases as
the pulse width of square waves are reduced. The harmonic contents at lower
output voltages can be significantly reduced by using several pulses in each half
::ycle.(Fig.l.l(b)), this method is known as multiple pulse modulation. The most
versatile is the sine pulse width modulation technique. In this method, the switching
waveform's pulse widths are a sinusoidal function of each cycle. Good performance
depends principally on the capability of the electronic contral circuitry to define
precisely the switching instants of the power stage, in order to cause the output

of the controller to be a train of pulses with a time average that approximates

N
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a sinusoid. Complex logic 1s needed to perform this task and the conventional
means for implementing the switching algorithm is the subharmonic or triangulation
approach involving an electronic comparison between a reference sinusoid and a

triangular carrier waveform as illustrated in Fig.1.1(c).

1.2.1 Survey of PWM Techniques.

PWM techniques of switching the inverters was introduced with a view to
accomplish voltage and frequency control in one power stage and also to reduce
harmonics at the output of the inverter. It is possible by surveying the literature
over the last decade to trace the historical developments of PWM inverter control

techniques and relate them to the changes in technology.

The foremostlmodulation technique in inverters were single pulse and multiple
pulse mlodulation [1,2,3,4,17]. These modulation technique are capable of control-
ling inverter voltage and frequency in one power stage and capable of eliminating
only selected harmonics at the output of the inverter. These modulation procedures
were superseded by the introdu;:tion of the more complicated and versatile sine mod-
ulation [4,5]. Sing modulation is a variation of mult.iple pulse modulation where the
pulse duration and numbers are determined by comparison of a modulating sine
wave and carrier triangular wave. At first, sine moduation used the asynchronous
PWM mode and subsequentlythe synchronous mode of PWM was introduced [9].
In the asynchronous mode, the sine wave is compared with a constant frequency
carrier wave. The disadvantage of such operation is, with the constant frequency
carrier the ratio of sine and triangular wave frequencies cannot be maintained to

an integer value. This gives rise to subharmonics at the inverter output when the
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ratio is not the desired integer value. The problem is overcome in synchronized
sine PWM mode where the carrier wave frequency is varied with the modulating
‘wave {requency so as to keep the ratio at the desired integer value. This, however,
complicates the implementation of such technigues. The principal disadvantage of
synchronous PWM inethod is that,as the modulating and carrier waves are syn-
chronized, the carrier (requency must vary over a wide range with the change of
output frequency . It is not usually practical, especially in inverters fc;r ac motor
drives, where the carrier {requency cannot be varied widelyBecause when the carrier
frequency is too high, the commutation hazard increases as the number of commu-
tations per second increases. Also, an increased number of commutations causes
larger commutation losses in the powér circuit of the inverter. For drives, a very low
carrier frequenr;y also creates problems, since, the motor consténts are insufficient
{for adequate smoothing of current of the motor. To overcome this problem with the
fixed ratio method [6], pulse width modulation with ratio changing at various op-
~ erating frequencies was suggested [6,9,11]. In the variable ratio scheme, the carrier
steps through a sequence of ratios as the operating frequency is increased. The later
section maintains a high carrier frequency throughout the operating range thereby
producing only high frequency harmonics at the output of the inverters which are
easily filterable. The variability of types of sine PWM schemes are due to implemen-
tation involvements, types of applications and technical and economic feasibilities.
Currently three distinct approaches are in vogue to {formulate the PWM switclﬁng
strategy [7,8,10]. The first, and the one which has been widely nsed because of
its ease of implementation is based on natural sampling technique [4,7]. The re-
cent trend is however, to generate the switching functions using microcomputers.

The general tendency in microprocessor control is to use a new switching strategy



known as ‘regular sampling’ [7,3,10,12,13]. 1n the regular sampling technique, the
sine modulating wave is replaced by a sampled [stepped] sine wave and the switching
points are determined from the crossd%r points of the carrier triangular wave with
the stepped sine wave. In this method of control, the amplitude of the modulating
signal at the sample instant is stored by a sample hold circuit operated at the carrier
frequency and is maintained at a constant level during the intersample period until
the next samnple is taken. This produces a sample hold or amplitude modulated
version of the modulated signal. As a result, the modulating wave has a constant
amplitude while each sainple is being taken, and the widths of the pulses are pro-
portional to the amplitude of the modulating wave at uniformly spaced sampling
time from where the terminology of uniform sampling or regular sampling came.
It 1s an important characterisiic of regular sanpling that the sampling positions
and smapling values can be defined unambiguously and the pulses produced are
predictable both in width and position. In a natural smapling process no direct
way of finding the pulse width and pulse p‘ositions is available other than solving
transcendental equations or bessel function approximations. Since it is possible to
calculate the pulse widths using stmple trigonometric equations, the potential for
real time PWM generation using the computing ability of the microcomputer is
greater more with the regular sampling technique than with the natural sampling

technique.

The third approach used ‘Optimal’ PWM switclhing strategies which are based
on the minimization of certain performance criteria [14,15,16], for example, elim-
ination or minunization of particular harmonics, or the minimization of harmonic

current distortion, peak current, torque ripple etc. These optimized PWM control

10



strategies are currently receiving considerable attention. As a result of the develop-
ments in microprocessor technology, the feasibility of implementing these strategies
las now become a real possibility [8,14,15,16,11,12]. In contrast to natural and reg-
ular sampling, it has been usual to generate optimised PWM by defining a general
PWM waveform in terms of a set of switching angles and then to determine these

switching angles using numerical methods and the mainframe computer.

Besides the types of modulation techniques mentioned already, there are several
other modulation processes put forward from time to time, such as trapezoidal and
square wave modulation [21]. However, these modulation processes did not find

their way toward inverter voltage and frequency control.

Along with implementation of various modulation techniques in inverters, the
analysis of such inverter have also been carried out by different authors at different
tiines. Attention has been given to output -voltage analysis and the mput current
harmonics. First attempts were made by the Fourier analysis method [10,20,21].
An approach to output voltage harmonic analysis based on double Fourier series
expansion in two variables was also introduced later . This was necessary for
the general caée since there is no rational relationship between the modulating
frequency and the carrier frequency. Presently, more emphasis is giv-en to opti-
mization techniques {18,21]. Availability of some packages [PWLIB] for general
analysis of PWM inverter outputs are also reported [22]. Also, some new ana-
lytical methods for input current harmonic analysis of the inverter are rported.
The analytical approach is drawing more attention due to the fact that the im-
plementation of different modulation techniques, especially the optimum PWMs re-

quire a mathematical formulation of software development for their implementation.

11



However, due to the complexity of the modulation processes, no general approach

has so far been standardized.

1.2.2 Sine PWM Inverter Strategy for Drives.

The merits of sine PWM in solving one set of problems bring back others. The
first is thé mcreasing commutation problems, and secondly the low utilization of de
power available. Since commutation is not a problem at higher voltages associated
with higher speed, drive stability 1s more easily enéured. It is advantageous to
combine the merits of the two systems by using the PWM mode at lower speeds and
the pure square wave al higher speeds [23,24] with transitional stage from one system
to another at mediumm speeds. The frequency encountered load characteristics,
which transforms from a constant;torque requirement at higher speeds makes such
a hybrid system even more attractive. However such drive calls for a very complex

control strategy for sine PWM inverters.

1.2.3 Delta PWM Inverters.

Recently a different modulation technique for inverters was put forward for
drive applications [23]. The new scheme is simple to implement and it does not
require additional circuit elements necessary for the sine modulation technique in
order to give some of the characteristics required for an ac drive system. This
modulation technique, kuown as delta modulation, uses similar triangular and sine
wave comparison to produce switching waveforms of the inverters. However, the
carrier triangular wave in delta modulation is generated by the modulating sine
wave and has a variation which makes delta modulation capable of operating in both

PWM and square wave modes without additional circuit elements. The technique

12



also produces a modulation pattern with low harmonic content and a fundamental
voltage variation which maintains an inherent constant voltage to {requency ratio.

These features of delta modulation may make it very attractive for ac motor drives.

An induction motor’é steady state performance is dependent on the harmonic
voltages of the inverter output as well as on the fundamental voltage. The inherent
characteristics of the delta modulation process, the linear fundamental voltage vari-
ation with frequency up to base {requency and constant voltage beyond the base
frequency, provides required constant tofque and constant power characteristics of
ac motors.The harinonic contéﬂts in delta modulation are low and the domilﬂ]t
harmonics are at or near high carrier frequency. The harmonic contents, cominuta-
tion timing and mode of operation can be changed easily by changing the amplitude
of the modulating wave. All these features seems to be so attractive in ac motor

drives that it may replace other modulations techniques for inverter fed ac drives.

1.2.4 Optimized PWM Inverter Waveforms Synthesis By Delta Modaula-

tors:.

As mentioned in previous section,recently, delta modulation (dm} schemes have
been proposed for controlling the output waveforms of various pulse width modu-
lated (pwimn) converters. These schemes have the ability to optimize pwm converter
waveforms on-line. The tuned and the multi integrator din are the two schemes
proposed for pwin waveform sysnthesis so far [48,49). The methods were found use-
ful for pwm inverter-fed ac drives. However, it was observed that during tuning and
filtering process, fundamental output voltage of the inverters reduce. With an aim

to overcome this effect, a new technique called the variable step dm is proposed.
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The method has the capability to maintain a near constant fundamental voltage of

the output waveform of the converters.

The advantages of dm for the control of various converter waveforms are their
simple implementation and versatile performance. It has been shown that imple-
mentation of dm controllers by analog circuits or by microprocessors are simpler
than the cc;nventional pwm techniques [48,49]. 1t has been shown that these mod-
ulators are able to optimizé the converter waveforms by adaptation of their filter
properties in the feedback path. This method is simpler tlian conventional opti-
mization techniques [14]. Specially, the optimization is realizable in the modulator

without any computer processing.

The block diagram of a basic dm is shown in Fig.1.2. Two basic components of
the modulator are the quantizer comparator and the filter. For inverter qperation
the input to the modualator is a sine wave, and the output is the modulated wave.
The integrator performs the function of signal estimation from the output modu-
lated wave by low pass filtering. At the input, this estimated signal is compared
with the sine wave to produce an error singnal. The error signal is quantized by the
quantizer pr(-)cl.ucing the modulated output. In Fig.1.3 modulator has a hysteresis
quantizer in the {eedforward path. Such a modulator is known as a rectangular
wave dm (rwdin). In rwdm the hystersis quantizer limits the excursion of the error
signal within a hysteresis band or a windowl. This provides the very useful hyster-
sis current control for induclively loaded inverters. In the past, simple techniques
have been proposed for larmomic reduction of pwm waveforms using dm [48,49].
In Fig.1.4, the block diagram of a tuned dm is shown. In the tuned dm, the simple

integrator of a dm is replaced by a tuned filter having the transfer function as [50]
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80(3)= k1
OOy

(1.1)

eo(s) and ¢;(s) are integrator’s output and input respectively, whereas, k; and

k, are integrator constants.

Equation (1.1) shows that the integrator’s time constant is variable with con-
trol voltage E.. Since the cutoff frequency varies with E., it also varies with the
[requency of operation of the inverter. This fact has been successfully used for
harmonic reduction in variable frequency inverters. One drawback of this method
is the reduction of fundamental component of the inverter output voltage. This
thesis proposes a new scheme which controls the window of the quantizer to attain
the same result and at the same time maintain a near constant magnitude of the

fundamental component.

The block diagram of the new scheme is shown in Fig.1.5. It is named as
variable step dm because the window size of the modulator is forced to change
with the change of operating frequency of the inverter. In this type of modulators
the hysteresis band of the rwdm is allowed to change with the command signal E,
which controls the frequency of the mput signal. As the frequency of the input
sine wave changes, the command signal E. is also made to change the hysteresis
band. For higher frequency operation, E, changes the window in such a manner

@as to increase the number of pulses of modulated wave. This results in the
increase of the ripple frequency of the estimated wave. Hence, the dominent ripple

frequency harmonics shift to higher values. The method uses a simple adaptive
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rwdm technique to provide optimized converter operations interms of harmonic
contents. Typical estimated waves obtained [rom analysis of tuned din and variable
step dm are shown in Fig.1.6 and Fig.1.7 respectively. From the figures the variation
of slope and window width are evident. The analysis of such waves are presented

with their results in chapter 3.

1.3 Objective of Present Work.

Rectangular wave delta modulation (RWDM}) is the main focus of this study.
This type of modulation is suitable for on line optimization of the inverter waveforms
with variable frequency operation. The block diagram of the rectangular wave delta
modulator is shown in fig. 1.3. The harmonic contents of the modula.i;ed waveform
(which will be used as gate signal of the inverter to dictate the output waveform
of the inverter) can be controlled through the variation of several parameters in

the rectangular wave delta modulator during on-line operation. Three of these
parameters are i) Magnitude of the input wave ii) the window width  and

"4ii) the feed back filter characteristic.

This thesis proposes a noble technique of optimizqation of the output wave-
forms of the inverters during variable frequency operation by controlling the window
width i.e. the width of the hystersis band of the rectangular wave delta modula-
tor. This method of on-line optimization i1s simple, practically feasible, effective
and eliminates the problem of reduction of the magnitude of the fundamental com-
ponent of the inverter output voltage. Besides presenting the analysis for general
ease . in this thesis theoritical determination of variable step rw dm

waves has been carried out. And the results have been verified exprimentally.
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CHAPTER 2

Delta Modulation Technique
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2.1 Introduection.

The objectives of this chapter are to describe the delta modulation techniques,
their nmportant characteristics as well as their linitations with regard to inverter
operation. At present, there are several types of delta modulators available. The
variations stemmed from the need for and requirements of different applications
and the necessity to improve the modulator performance. For inverter switching
the modulation schemes adapted are restricted to the simpler ones. A brief review

of the delta modulation technique is presented in this chapter.

2.2 Delta Modulation Technique.

Different forms of delta modulation (IDM) have recently been used in inverters
and other powe.r converters. It has the advantage of retaining many of the features
of currently used pulse width modulation (PWM) techniques. Delta modulation
is known as the simplest method for modulating an analog signal to its digital
form [25], without significant redundancy in encoding the signal. The basic delta
modulator consists of a comparator quantizer and a filter (Fig.2.1). The comparator
at the input of this block compares the input signal with the stepwise approximation
of the input signal. The difference signal produced by the comparison is known as
the error signal. The quantizer quantizes the error signal accroding to the sign of
the error signal to produce the positive and negative pulses of the modulated wave.
The function of the integrator in the modulator is to reconstruct the input signal
from the output modulated signal. The input to the integratér 15 the modulated
waveform. The integrator acts as a low pass filter and estimates the modulating

signal. For digital conversion the digitized waveform is obtaimed by a sampler in the
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modulator block. Depending on the use of sampler, the estimated waveform may be

stepped or . triangular in nature (fig.2.2 ). The estimated waveform is also called
the carrier waveform in delta modulation. The estimated waveform or the carrer
waveform in delta modulation is a self-generated signal. If x(t), £(¢), m(t) and e(t)
are the input, the estimated, the modulated and the error signal respectively, the

dm technique described above can be expressed as follows

For the modulator without sampler:

e(t) = 2(t) - &(t) | (2.1)
m(t) = sgne(t} (2.2)

Z(t) = / m(t)dt : (2.3)

For modulator with sampler:

o(kT,) = o(kT,) — Z(kT}) (2.4)

m(t) = Vpsgniz(kT,) — £(kT,))é(t — kT,) (2.5)

E(L) = ]m(t)dt ' (2.6)
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where,

Vp is the level of quantization

sgn is the sign function

rr— —am -

T, is the sampling frequency.

In encoding a signal, delta modulation has two distinct restrictions. When the
predicted signal Z(t) is smaller than the actual signal x(t) at the beginning , the
first impuise has the W‘ﬂl_t 4+Vp. When fed-back and integrated, that impulse
produces a step wise change in e(k) and causes a negative impulse. I x(t) remains
constant, Z(¢) follows it in steps until the rate of change is too rapid. 1f the rate of
change is too fast slope overload takes place. This occurs when the window width
A is too small to track a rapidly changing signal. Slope overload occurs due to the
modulator’s inability to track large changes of the input signal x(t) in a small time
interval. Slope overload is considered to be a basic limitation in delta modulation
schemes for communication systems. However, the same characteristic may be used

to an advantage in switching power converters.

A variation of DM is the differential pulse code modulation (DPCM) with a
multilevel quantier instead of two level quantization. Functionally, DPCM signal
is a pulse code modulated (PCM) representation of the difference signal [z(t) —
#(t)], where £(¢) has a variable step- size ranging from Vp to QVy/2. Where Q is
the muuber of quantization level. Signal #(t) follows x(t) more accurately when
%is used. This results in lower idling, fast start up and less chance of
slope overload. The following section gives a brief review of the DM technique as

it evolved for digital comnmunications.
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2.3 A Brief Review of Delta Modulation Technique.

The linear delta modulation was first reported in 1946 and its early description
emerged in the 1950s [26,27]. In linear delta modulation the modulator receives a
band limited analog signal at the input and produces a binary output signal. The
output of the modulator is also locally decoded by the integrator in the feed-back
path and subtracted from the input signal to form an error which is quantized to one
.of two possible levels depending on the polarity of the error signal. The closed loop
arrangement of the DM encoder ensures that the polarity of the pulses is adjusted
by the sign of the error signal. This ensures that the locally decoded waveform will
track the input signal. This type of delta modulator is known as a linear modulator
because the decoder at the receiving end is a linear network. Despite the attractive
simplicity of the delta modulation coders, initial drawbacks had prevented their
wide-scale use at the start [28].Delta modulation remained an interesting field for
theoretical studies in communication systems for-decades. This situation began
to change when more refinements were suggested [29] and today development of
delta modulation is in full progress. At present, many communication research in-
stitutions are engaged in in-depth exploration of the technique and its applications
[30,31,32]. The simplicity of delta modulation has inspired numerious refinements
and variations since ils basic invention in 1946 by De Loraine and Derjavgotch [23].
Most of these DM systems have received impetus from the applications of digitiza-
tion of audio and video signals. The initial DM coder consisted of a single integrater
(analog) or a first order predictor (digital) in its feedback path. Subsequently, the
DM coder with double integrator and multiple integrator {or their substitutes, the

predictors in the digilal domain) were used in the {eedback path for more precise
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signal tracking [33]. Some investigators replaced the integrator of the feedback loop
with RC network by introducing the concept of exponential delta modulators {34].
In order to suit the technique for uncorrelated signals, sigma delta modulation was
introduced in 1962 [35,36]. In the initial signia delta tnodulators, the input signal
was passed through an integrator prior to coding. Subsequent modification replaced
the feedback integrator and the integrator at the front with a single integrator at
the feed-forward path. This pre-emphasizes the low [requency inputk signal thereby
increasing the sample correlation. To keep pace with pulse code modulation sev-
eral researcliers suggested an adaptive delta modulation (ADM) scheme [36,37]. In
adaptive delta modulation the value of the signal at each éample time 1s predicted
to be a non-linear function of the past value of the quantized signal. In literature,
two other DM schemes frequently encountered are the companded and the asyn-
chronous delta modulation schemes [38,39]. The companded DM technique uses
compression of large signa.l- levels as compared to the smaller ones. Conpression
is done prior to encoding using compressor circuits, and expansion of the signal is
done at the decoder side to -recover the signal. The asynchronous delta modulation
system has digital output quantized in amplitude but not in time. The rectangu-
lar wave delta modulation (RWDM) is oue of the asynchronous delta modulation
techniques. In rectangular wave delta modulation, the memory-less quantizer of
the modulator circuit is replaced by a non-linear element whose characteristics are
that of a hysteresis loop or a bang-bang ON/OFF controller. Also, smaplers of
ordinary modulators are permanently closed. This form of delta modulation was

first reported by Sharma [40,41].

In addition to the modulators already mentioned, there are various other delta
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modulators which have been sporadically suggested by different researchers [28].
Nonetheless, their operatious are basically similar to the modulators already dis-

cussed.

2.3.1 Typical Use of Delta Modulators Outside Communication Field.

Since delta modulation is the simplest of all the available modulation tech-
nicques it is being used extensively in communication applications. However, it has
applications in other fields as well. At present instrumentation rely increasingly
on digital techniques. Delta modulators offer attractive applications in such areas.
Due to very large scale integration (VLSI), the cost of iinplementation is no longer
a reason for choosing delta modulation ever other modulation techniques. 1t is the
simple encoding process and the requirements ol a simple decoder which are the
most advantageous features of the DM technigues. Some of the important uses
of delta modulation technique in instrumentations are measurement of noise, time
scaler (transient) display of cathode ray tubes (CRTs) and recorders, peripherals for
hybrid computers, and in power measurements by delta sigma wattmeters [42,43].
Also, delta modulation strategy plays an important role in the design and fabrica-
tion of digital filters [44,45,25]. In addition, speed control of a small ac motor using
delta modulated class D fow power amplifier was suggested during early .days of DM
developments [46,25]. This idea of speed control of small motors can be extended

and adopted for high power voltage source ac drive scheme.
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2.4 Delta Modulation Scheme For Inverter.

Inverters are functionally power amplifiers used for the frequency and voltage
control of the supply to a device. lﬁverters are also used for high frequency links
between utilities and in high frequency induction heating. In induction motor drives
modulation is used for the translation of sinusoidal reference voltage to a stream
of positive and negative pulses. The pulses of unequal widths, carry the voltage
and frequency information from the low power control side to the high power load
side through the inverter. It is desirable that the low power control sinusoidal
wave be conveyed to the load without much distortion. In applications such as
the uninterruptible power supplies (UPS) and in high {requency link inverters, the
output waveforms of the inverters are filtered to obtain sine w.;:wes at the load side.
For ac drives, the motors themselveé work as the low pass filters, thus additional
filters are not required. The choice of a modulation scheme and the control system
for the ac drives are however, dictated by the type of drives, their requirements and

applications.

In inverters, the modulation process to produce the switching signals for the
thyristors determines the {requency and voltage at the output of the inverter. The
delta modulation technique for generating such switching logic utilizes a sine refer-
ence waveform and astepped shaped carrier waveforin to determine the switching

frequency of the inverter switches (the SCRs).

The stepped carrier waveforra i1s allowed to oscillate within the defined window
extending equally above and below the reference wave. The minimum window width

and the maximum carrier slope determine the maximum switching frequency. For
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inverter switching the modulation is prime object and no attempt of sampling the
modulated wave to produce a binary signal is taken. The signal to be modulated is
sine wave. The carrier wave acts as quantizing the reference wave in two levels. It
also deterinines the widths of the switching pulses. The key waveforms associated
with this technique are shown in Figs.2.3(a) and 2.3(b). The switching waveform

oscillates between £V, and can be expressed as

Vi(t) = Vesgnlz(kT,) — &(kT,)) (2.7)

and bounded by AV,

where,

AV = quantization level

V, = level of switching pulses

o(kT,) = sinw(kT,) = modulating signal in this case at kT,
Z(kT,) = Predicted signal at kT,

T, = Sampling time

In implementing the DM technique to prodﬁce the necessary switching function
for inverters, the switching pulses are generated by the interaction of reference sine
wave and stepped triangular carier wave. Whenever the carrier reaches the upper
or lower window boundary, it reverses its slope and changes the switching waveform
Vi from +V, to —V,. This process continues to generate a train of switching pulses.
The switching frequency can be altered in three different ways, by changing the

amplitude of reference wave Vg or by changing the slope of the triangular carrier
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wave or by changing the window width (quantization level) AV. Thus it is impor-
tant to set these values such that sufficient time is provided for proper turn ON and
turn OFF of SCRs. If a single phase full bridge inverter is to be switched by the
modulated wave, the sequence of the thyristors to be fired is shown in Figs.2.3(b)

and 2.4. Fig.2.4 illustrates the basic single phase full bridge inverter circuit.

In practice, the slope of the carrier frequency and sampling rate are kept con-
stant in implementation by circuit parameters. So it is obvious that overload error
described earlier takes place, as the frequency is chauged to higher value. This
phenonienon is however useful for inverter operation. As the sampling rate is kept
constant, sampling per cycle is kept constant as frequency of operation (sine modu-
lating wave frequency) is increased. As the result of overload error in modulation, a
transition from PWM to single pulse mode operation takes place when the modulat-
ing wave and carrier wave {requencies are equal. The modulated output continues

to be single pulse square wave beyond that frequency.

2.5 Characteristics of Three Simple Delta Modulators.

Three simple delta modulators which have been used in the past for generat-
ing inverter switching waveforms are shown in fig.2.5. The linear delta modulator
(LDM) consists of a quantizer- comparator in the feed-forward path and an inte-
grator in the feedback path. In addition it has a sampler to digitize the output
waveform. In the sigma delta modulator (SDM) the integrator is placed in the
feed-forward path before the quantizer block. The rectangular wave delLa modu-
lator (RWDM) has a hysteresis quantizer. The sampler in the rectangular wave

delta modulator is permaneutly closed. The output of the linear and the sigma
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delta modulators are digitized and appear in the form of pulses. In contrast, the
output of the rectangular wave delta modulal@r is in pulse width modulated form.
The tracking signals of the linear and the rectangular wave delta modulators are
the integrated output (stepped in the LDM and triangular in the RWDM). For the

sigma delta modulator (SDM) the tracking signal is the output waveform itself.

The characteristics of these three modulators are examined with respect to
the drive requirements. The modulator performance in ac drives depends on many

factors. The basic characteristics examined for each modulator are:
1. The idling characteristics.
2. The overload characteristics.
3. Tle availability of fundamental voltage with change in operating frequency.
4. Stability of the modulator.
5. Step response of the modulator.
6. Current tracking capability in the open loop control of drives.

Table 2-1 contains both a summary and a comparison of features of the three
delta modulators discussed. The compa.l;ison shows that the RWDM should be the
choice of the modulator for inverter swilching. Besides the advantageous {eatures
already mentioned the rectangular wave delta modulator was considered to be the
best among the simple delta modulators because of ils lowest signal to noise ratio,
and low quantization ervor [25]. It was also suggested for industrial uses particularly

in transmitting signals over short distances for instrumentations.
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Table 2-1

Summary and Comparison of LDM, SDM and RWDM

ocutput

Square wave
output of high
frequency .

Square wave

output of high
high frequency

Square wave
of high frequency

Depend on step
gize and frequ-
ency of input

Depend on step

size only

Depend on step
size and frequ-
ency of input

Fundamental
voltage
availabi-
lity’

moderate ramp
characteris-
tics in PWM
mode

moderate ramp

characteris-
tics

ramp in PWM mode
and constant
voltage in square
wave mode

Step
response

slower response
than the SDM
and RWDM

response 1s
fast

response 1s
inherently faster
due to hysteresis
quantizer

Stability

Inherently

~ stable

Inherently

‘stable

Stability

depends on the
frequency and the
gain of overall
monlator

Current
limiting
capability

On-line
optimization

Possible
with tuned

Possible but
difficult

Possible
with variable step
rwdm
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The other significant reason for choosing rectangular wave delta modulator
for inverter switching is the ability of on-line optimization of the inverter output
wavelorm by variable window quantiser width. A unique method of optimizing the

modulator waveform using a variable step rwdin 1s discussed in section 3.3.

2.6 Conclusions.

The delta modulation technique is proposed for the switching of inverters in
drive applications. The cniteria for the modulator and the drive requirements have
been established. On the basis of the requirements for drive applications, the char-
acteristics of three simple delta modulators have been discussed to select the best
suitable delta modulator for switching an inverter. The three modulators discussed
for pussible l;se in inverters are the linear, the sigma and the rectangular wave delta
modulators. It has been established that the rectangular wave delta modulator is
the most suitable of the three which can advantageously be used for on line optimi =

ation of inverter output waveform

40



CHAPTER 3
Analysis and Optimization of

The Rectangular Wave Delta Modulator
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3.1 Introduction.

A novel waveform synthesis and an on-line harmonics minimization of the in-
verter output voltage using delta modulation technique are described in this chap-
ter. The proposed on-line harmonic reduction method uses a hystersis quantizer
- with variable window width in the feed forward path of the delta modulator. An
mvestigation into the conventional way of defining the switching points and their

analytical determination for harmonics using the Fourier series has been conducted.

Based on the analysis, the features of the delta modulation technique as applied
to the operation of inverter are summarized. Realization of a practical modulator
circuit, its operation, and the performance are also discussed. The operational

limitations of inverters using DM switching are briefly discussed.

3.2 Rectangular Wave Delta Modulator.

Based on the selection criteria discussed in Chapter 2, the rectangular wave
delta modulation (RWDM) has been selected for switching of an inverter . The
intrinsic features of rectangular wave delta modulators are proved and verified. A

novel method of optimization of inverter waveforins using variable step gyDM 1is

suggested in this section.

3.2.1 The Simple Rectangular Wave Delta Modulator.
The following are the intrinsic features of rectangular wave delta modulators

L. Upto the base frequency the fundamental voltage to frequency ratio remains

constant
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Beyond the base frequency, the modulator operates in the square wave mode
of operation. The available fundamental component of the voltage is constant

in this region.

3. Low order harmonics in the carrier and the modulated waves are small in

magnitudes.

4. For fixed window width the number of commutations of the modulated wave

decreases with increase in operating frequency.

5. Modulator performance can be changed by changing the window width or the

filter characteristic.

6. The modulator is stable, and it has a fast response to any step change in its

input.

The basic rectangular wave delta modulator is shown in fig.3.1. With a sinu-
soidal input to this block, the output waveform is a modulated waveform as shown in
fig.3.2(b). The integrator in the feed-back path of this modulator is a low pass filter
having an approximate transfer function of 1/r,. The output of this integrator is,
therefore, a high frequency triangular wave having an average shape of a sine wave.
This waveform is also known as the estimated waveform. ‘The comparator at the
{ront of the modulator compares the input sine wave with the estimated wave. An
error signal €; 1s generated from the difference. The hysteresis comparator quantizes
the error signal to give the modulated signal. Due to the presence of the hystere-
sis comparator, the error signal is bounded between AV of the reference signal.
As a result, whenever the error signal reaches any of the hysteresis boundaries the

modulated signal is forced to change its polarity. This in"turn changes the direction
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of the excursion of carrier triangular wave. The excursion of the carrier triangular
wave is also bounded above and below the input sine wave by a window +AV. The

various waveforms of the rectangular wave delta modulator are shown in fig.3.2.

3.2.2 Analysis of the Rectangular Wave Delta Modulator.

The analysis of the rectangular wave delta modulator requires the knowledge of
switching points of the modulated waveforms. To find the switching points of typical
output waveforms of a rectangular wave delta modulator of fig.3.2, the {ollowing

basic equations are used.

Termination of the first pulse position is governed by the relationship

f}g‘:— + I;—Rsinwntl = wWrty (3.1)
Where,
AV = half the window width as shown in fig.3.2.
= Slope of the triangular carrier wave
t, = first pulse termination time
Vrsinwgt = Input sine reference wave

wr = the frequency of the input sine wave in radians/sec.

With the knowledge of the first pulse termination time, the successive switching
points of the modulated wave can be obtained by numerical solution of the output’

equation (3.2)[47]
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2AV + Sti-—l Vﬂsiant,‘_l — VRSt'ﬂthl'

$e S (=1} S (3.2)

In the PWM mode of operation a knowledge of the switching points of the
modulated wave allows one to write the equation of the modulated wave in terms

of gate function as

ZT N, _
m(ty= Y. Y (=)ot A+ ti, A+ tipr)] (3.3)

A=0,T,2T.. i=0
Where,
N, is the number of pulses in one cycle
T is thé period of one cycle
{(Z-1) is the number of cycle of the input. sign-a.l simulated
ti41 is the (i+1)th pulse position
m(t) is the modulated wave

g(t,v,w) is the gate function and defined as

g(t,v,u) = u(t —v) — u(t — w) (3.4)

u(t-v) and u(t-w) are the unit step functions which are given as
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u(t—v)=1 fort>v

=0 fort<w {3.5)

u(t—w)=1fort>w

=0 fort<w (3.6)

‘-\
*

The wavefogl'ls of the rectangular wave delta modulator were defined using the
switching points obtained from solution of equation (3.1) to (3.6). The ordinary
Fourier series technique was initially carried out. The modulated wave can be ex-
pressed in terms of Fourier series. The Fourier coefflicients of modulated waveforms

in terms of switching points can be written as

2V, v . . . .
A, = d Z (1)t (sinng; — sinné;_;) (3.7)
nr i=1,2,..
2V, Ny o :
B, = mrc Z (—1)'+](cosn6;_1 — cosné;) (3.8)
i=1,2,.

where,

§; = wgrt; is the i-th pulse position in radians.

Vy. is the dc supply voltage
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n is the order of harmonics
A, andB,, are the n-th order Fourier coefficients.

For the pulse width modulated mode of operation, the fundamental voltage of

the switching waveform can be obtained from equations (3.7) and (3.8) as

N?
Ay = AL (—1)F (sind; — sind;_1) (3.9}
T £=1,2,..
N.l’
By = — (=1)'" (cosbi_y — cosb;) (3.10)
T 1=1,2,
Fundamental voltage is given as
V, = /(A2 + B?) (3.11)

The fundamental voltage variation of the modulated wave can also be obtained

from the modulator's characteristics as follows:

If y and m are the estimated and the modulated waveform of rectangular wave
delta modulator respectively, then for a simple integrator circuit with transfer func-

tion 1/S7 the input/output relationship of the integrator is

Yn 1
—_— = |— 3.12
o) =1 (312)

Where y,, and the m,, are the nth harmonics of the two wavelorms and w, =

27 frn. For fundamental of the volltage, equation (3.12) can be expressed as
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l"l 1 1
lEI = l;;*l*l = || (3.13)

TW

Assuming the fundamental voltage of the estimated wave to be equal to the

magnitude of the input sine wave Vg, equation (3.13) can be written as

VR 1

lm—ll = |E| (3.14)
My _ K
Iy 1= lrel (3.15)

Since Vg remains constant, the fundamental component of voltage varies alinost
linearly with frequency. When the modulator operates in the square wave mode of

operation, its voltage variation can be obtained from the slope overload condition.

The modulator reaches its slope overload condition when the following condi-

tion prevails:

;e Vesmn2n frl'f2 + 2AR

3.16
where, Ag = is the window width of the hysteresis limits.
Equation {3.16) can be simplified to
/R = (3.17)
R™ 44 '

In the square mode of operation during the slope overload the harmonics of

the modulator output waveform are given as
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Vo = — (3.18)

V, = | (3.19)

A typical fundamental voltage relationship of rectahgular wave delta modulated
waveform with variation of operating frequency is shown in fig.3.3. Figure 3.3
shows that, for pulse width modulation mode of operation of the modulator, the
fundamental voltage increases almost linearly with frequency, and in the square
wave mode of operation the fundamental voltage remains constant over an increased

range of the frequency.

The theoretical harmonic analysis is carried out using the expressions obtained
in this section and the results are shown in fig 3.4 . The theoretical result shows that
during low frequéncy operation of the modulator the significant harmonics of the
output waveforms are of higher orders. As the operating frequency of the modulator
is increased the lower order harmonics start appearing. Once the modulator reaches
square wave mode of operation the magnitudes of the harmonics remain constant.
The study revealed that the harmouic contents of a delta mmodulator can be changed
by variation of different parameters like the window width AV, the integrator time

constant T and the amplitude Vg of modulating wave.
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Variation of Number of Switching in RWDM Waveform.

The number of commutations in any inverter is an important feature. The
increase in commutation results in increased commutation .losses in the inverter.
Some applications require that this loss be kept at a minimun level. The amount
of switching has to bekeptat a minimuml for perfect commutation of the switching
devices of the inverter as well. The number of pulses/half cycle of the modulator
output waveform can be determineiby using the analysis for termination of switching

points.

The i-th pulse termination is the modulator output voltage in RWDM mode
of operation is given by

é = wrt; (3.20)

where ¢; is the i-th pulse termination time. Solution of the equation (3.20) for

& at §; = m gives the number of pulses per half cycle of the modulating wave as

1= Np ‘ : (3.21)

The number of switching per cycle is given as .

Ncfcycle = 2Ny (3.22)

The number of commutation/sec can be obtained as

N.[sec = 2N, fr (3.23)
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Equations (3.20) to (3.22) are solved for different [requencies of operations.
The results are shown in fig.3.5 for various values of modulating signal level Vg.
The results show that without any other change, the number of switching of mod-
ulated wave decreases with the increase in operating frequency. This is a desired

characteristic for the safe operation of inverters.

Idling Characteristic.

The idling characteristic of RWDM is mentioned in relation to the selection

criteria in section 2.5. The idling frequency of RWDM is given by

,
gl = —— 3.2
fiar A (3.24)

The output of the modulater during idling is a square wave. The harmonics of

this idling output waveform are given by

4V,
nm

Vo =

(3.25)

Since the fundamental frequency of the idling wave is very high, other harmon-

ics which are the odd multiples of the fundamental frequency are high also.
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3.3 Variable Step Réctangulnr Wave Delta Modulation for Inverter Op-

eration.

Delta modulation offers the possibility of on-line harmonic minimization of
pulse width modulated inverter output without resorting to conventional optimiza-
tion processes. Conventional harmonic minimization includes selective harmonic
elimination and harmonic weighting technique [52,53]. They attenpt to modify the
harinonic contents of the inverter output voltage in a desired fashion. These are nor-
mally achieved by waveform syunthesis methods. Harmonic minumization through
waveform synthesis are computationally intensive because they require the solution
of sets of transcendental equations. The preferred technique has been to deter-
mine the switching instances by ofl- line computation with a main-fram computer.
The switching points are stored in the erasable programmable read only memory
(EPROM) of a micro compui.‘ér for use during the inverter operation. For fixed
frequency inverter operations this works well. However for continuously variable
frequency operation of an inverter it requires numerous look-up tables in EPROMs.
The recently proposed, simplest technigque of PWM inverter waveform syuthesis for
on line optimization is delta moduation (dm) scheines. The tuned and multi inte-
grator dim are the two schemes proposed for PWM waveform synthesis so far. Brief
discussion on tuned RWDM is already done in art 1.2.4. The integrator for circuit
generally used in the feedback path of the tuned delta modulation is shown in {ig.
3.6. The main objection to this method lies in the fact that due Lo inherent property
of the filter, fundamental component of the inverter output voltage is reduced with

the change of intergrator coustants.

In this research an easy but versatile method of improving the harmonic con-
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Fig. 3.6 The simple integrator and the tuned integrator circuits.
(a) The simple integrator circuit.
(b) The tuned integrator circuit.
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tents of inverter by using a variable step RWDM is proposed and implemented. The
new scheme controls the window of the quantizer to attain the same result and at

the same time maintain a near constant magnitude of the fundamental component.

3.3.1 Operation of the Proposed Scheme.

The block diagram and wave shape of the variable step RWDM is shown in
figs 3.1 and 3.2. As the input frequency increases with other parameters (window
width, slope) constant, nuinber of switching point decreases i.e number of pulses per

07
cycle decrease. This results domination of lower order harmontcs. So to eliminiate

or reduce these dominatir:; E;;J-of;er harmonics or in other words to send the
dominating harmonics in high frequency position i.e far away from fundamental,
nuinber of switching points should be changed with frequency variation. This can
be done by changing the window width. As the window width is reduced the carrier

1

. oy . . o
frequency is changed and thus the switching points are increased resulting higher
{2‘
number of pulses per cycle with variable width. This phenomenon is demonstrated

in figs. 3.7 and 3.3.

"~ 3.3.2 Analysis.

The switching points of the variable step RWDM can be obtained from the
generalized equation (3.2). Let us recollect the equation.

L%

2AV + Sty Vpstnwgrt, -1 — Vrsinwgt; ,
(o AV S, e ' (3.26)

Replacing the various value of AV we shall get required switching points ¢;.
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window width is decreased.

61

0.02



Modulated Wave

Magnitude in p.u,
o
o wm
T T

!
o
4]

T

__.Jn._.__.J- J_J Jud

50 Hz Operation

-1.5}fF . . AV = 1.5V .
T - . . Slope = 2500 V/Seec.
..2 1 X, - 1 'l L
o] 0.01 0.02 0.03 0.04 0.05 0.06

Time in seconos

Fig. 3.8 (a)

62



FFeoy

Magnitude in p.u.

2 — 7 T T r .
1.5¢ .
/— Modulated Wave
1 — [‘ 1y r r wia ,- o r‘ r— |-— ™ ﬂ ’— rr F .
Q.5 H ' .
OH -
-0.5H -
i Juotd T Uu by v oyl boady
50 Hz -Operation
sl Slope = 2500 V/Sec.
) AV = 0.5V
-2 i 1 ) L L 1 1 : ~
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time in seconds

Fig. 3.8 (b)

63



2 T ) T T L l"
1.5 ~
/////,L—Modulated Wave
R — o e — _ - - — o .
o Tim i
2
=}
20.5 -
@
S
il O"‘ -
'; it
o
i
-3
-0.5 -
- Uiy 4t J_J LI 1 JJ J ¥ L JJ.JJA ILEE U AJ i JJ.JJJ _J L -
50 Ha Operation
f . AV = 0.25V
—1.5F Slope=2500 V/Sec. N
-2 1 [ 1 1 1 1 .
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time in seconds

Fig. 3.8 {(e)

Fig. 3.8 Typlcal modulated waveforms of variable step rwdm as the window width is
decreased,

64



After the switching points are known the modulated waveform can be obtained from

the equation (3.3). Let us rewrite it as foliows

m(t) = (-1)* Y G(t, tio1, ti) (3.27)

The Fourier co-efficient of the above modulated wave can be obtained from the

equations 3.7 and 3.8. Let us recall  these equations.

N

2V, - Anikly _ . .
A, = _";:;.-_El ) (_1) {stnnd; — sinnd; 1) (3.28)
2V, ox
B, = ';;r!—',__zl ) (—1)'+1(cosn6.-_1 — cosnd;) (3.29)

Von = /A2 + B2 (3.30)

For Fourier series analysis the waveform 1s assumed to be symmetrical. In
practical circuits this has been achieved by resetting the modulators at every half

cycle of the input sine wave.

~ Fig 3.9(a), (b) and (c) show three spectra of a tuned dm waves for 50 Hz
operation with window width 1v and slopes of 2500, 3250 and 4000 v /s respectively.
These spectra show that due to slopé variation, the harmonics between 3rd and 17th
have been reduced substantially, however, the fundamenal is gradually reduced from
0.43 P.U. to 0.27 P.U. with the increase of slope. The spectra for similar variation
“of window width from 1.5v to 0.5v through 1v for a slope of 3000 v/s at 50 Hz

have been shown in figs. 3.10(a}, (b} and (¢). The spectra show that the harmonics
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between Jrd and 17th have been reduced due to window width variation where as
the fundamental remains almost constant at 0.4 P.U. The three dinensional spectral
representation for dm modulated waves are shown in figs. 3.11- 3.13. Fig. 3.11 is for
window width = 1.25v slope 2000 v/s and frequency of 20-120 Hz. This shows that
at low frequency operation, the magnitude of low order harmonics are small whereas,
at high frequency operation the low order harmonics have higher amplitudes. Also
the fundamental increases to a certain value in PWM mode of operation. With the
increase in frequency the waveforms attain square waveform and magnitude of the
fundamental remain constant there on. Fig. 3.12 is for frequency of operation of
100 Hz, window width 1.25v and slope of 200-3500 v/s. From the figure it is clear
that as the slope increases, magnitude of lower order harmonics decreases. At the
same tine the magnitude of fundamental voltage decreases. Fig. 3.13 represents
the variation of window width from 0.5v to 1.25v at 100 Hz and slope of 3500
v/s. From these spectra it can be observed that as the window width decreases the
magnitude of lower order harmonics reduces. The magnitude of the fundamental, -

however, remains constant, except for the transition window width of 0.75v.

3.4 Conclusions.

A novel method of on-line inverter output waveform optimization using vari-
able step RWDM circuit has been described. The method eliminates the necessity
of pre-programmed waveform synthesis and use of micro-computers for optimized

\aie
wave fi:oill generation. The performance of the proposed method is analysed in
detail with the help of various waveforms and spectra which are obtained {rom

g :
theoritical calculations. The results show that the variable step RWDM technique

has elill]inateé"tlle major draw back of reduction of fundamental voltage of tuned
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RWDM technique. If the waveform would be unsymmetrical Discrete Fourier trans-
form should be carried out instead of the ordinary Fourier transform. But in our
case the practical circuit is such that the wave from is forced to be symmetrical so

given analysis is valid.
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CHAPTER 4

Practical Results
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4.1 Introduction.

The delta modulation technique requires relatively simple circuitry to obtain
the switching waveform for thyristor switching.This chapter shows how the pro-
posed method of the thesis is implemented practically. Thcorit_i_c_a._l results obtained
in the previous chapter is examined practically. The output waveforms of the prac-
tical circuit is viewed in the oscilloscope and their photograpl}é are presented here,
Finally a brief description is given about how these output waveforms of the control

arcuit of the inverter will be processed to be used as final switching signal.

4.2 Implementation of Variable Step RWDM Clircuit for PWM Invert-

€rs.

Fig.4.1 1s an analog circuit that is capable of producing the waveforms shown
in Fig.3.2. The operation of the circuit can be described as follows: Sine reference
or modulating wave Vp is supplied to the input of the comparator A; and the
carrier Vp is generated in the following manner. Whenever the output voltage of
Ay g!x.(:e;c(ls the upper or lower window boundary (present by R, /1?3 ) the comparator
Ay reverses the polarity of Vi at the input of A,. This reverses the slope of Vi at the
output of 4. It forces carrier wave Vg to oscillate around the reference waveforin,
Vi at nipple frequence w,. So in this circuit we can vary the window width AV by
changing the resisi;m's of R; or Ry as the ratio of R, and N5 determines the value of
AV. Also the slope of the carrier wave can be changed by changing the integrator
parameter ft;. Once the switching waveform is obtained the signals for the main and
commutation t;hyristors can be obtained through the logic circuit implementation

for such inverters. The basic signals for such inverter (fig.2.4) thyristor operation
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are shown in Fig. 4.2.

4.3 Ripple Frequency of Carrier Wave and Number of Commutation in

DM.

Number of commutation in any inverter is an important feature of the inverter.
The tncrease in commutations results in increased commutation losses of the invert-
ers. Some applications such as the uninterruptible power supply system, requires
the conunutation in the inverters to be linited for the lowest conunutation losses
as well as for perfect commutation porcess. In deita modulation the commutation
number depends on the ripple frequency of the carrier wave. Because each ripple
cycle corresponds to two transition points in the modulated waveform Vi, each of
Q@these transition points cérreSporlds to a comunutation in the inverter. In the
delta modulation, if the window widih AV is kept constant, the ripple frequency
w, varies as the amplitude of the modulating wave varies. The decrease in Vg In-
creases the ripple frequency, while the increase in Vg decreases the ripple frequency. _
In the delta mnodulation implementation circuit of Fig. 4.1, the window width AV

18 determined by the circuit constants and the logic supply votage as

-2 (4.1)

(4.2)

v
=
'\‘.
b
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The design of logic circuit for delta modulation can be done for a certain max-
imum allowable number of commutation per second by choosing the appropriate
capacitors and resistance in the circuit. The number of commutation at any oper-

ating frequency can be changed by changing V.

Since number of commutation is related to the number of mmodulated pulses
per cycle, another easy way of finding the number of commutation is to determine

‘the number of pulses/cycle.

The pulse termination position is given by

b = wpt; ‘ (4.3)

where ¢, i1s given by equatlion 3.26. Solution of the equation (4.3) for 4; at

é; = m, gives the number of pulses/half cycle of the modulating wave Vg.

i= Np [for b =n] (4.4)

where, Np = number of pulses for half cycle The number of cominutation per

second is given by

Nc =2Npfpn (4.5)

where, fp = frequency of modulating wave

The ripple frequency of the carrier wave is given by
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fr = %cycles/second (4.6)
Equations (4.3) and (4.6) are solved for varying frequency.

4.4 Experimental Verification for Delta Modulation Technique.

This section deals with the verification of the analysis of delta modulation
carried out so far. The implementation of the logic circuits and verification of
the main features of delta modulation are described in the following subsections in

details.

4.4.1 Experimental Results.

Figs. 4.3 are the photgraphs of the carrier and modulated waves generated by
the practical circuit of fig. 4.1. The oscillogfapl‘ls show that as the input frequency
of Vg is increased, the number of switching points are decreased and there is gradual

transition from PWM mode to pure square wave mode which is expected.

Figs. 4.4 show the oscillographs of carrier and modulted waves of the circuit of
fig. 4.1 for different values of slope of the carrier waves. It is observed that as the
slope is increased by changing R;, the number of switching points are increased.
Figs 4.5 are the frequency spectrums of the modulated waves of figs. 4.4. As
- expected by theory it is observed that as the slope is increased, thé dominating

harmonics shift to the right.

Figs. 4.6 are the oscillographs of the waveforms generate&?{:he practical circuit

of fig. 4.1 for different values of window width AV And figs. 4.7 show the frequency
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spectrums of the modulated waves of figs. 4.6. Here the experimental results
follow “the theoretical resuits. It is evident that as the window width
AV is increased the number of switching points are increased and simultaneously
the dominating harmonics are gradually shifted to higher frequency values i.e. to

the the right.

4.4.2 Implementation of the Logic Circuits,

The basic control circuit used for delta modulation is shown in fig. 4.1. Before
the output of the modulator circuit can be used for the inverter SCR operation, the
signals are to be processed through the logic circuits to produce appropriate gating
signals for the main and commutation thyristors. The timing diagram of the signals
and logic diagram are shown in fig. 4.8 and 4.9 respectively. Details of the logic

implementaion is shown 1n fig. 4.10.

‘4.5 Conclusions.

It is observed that the proposed method of variable step rwdm for.  optimizing
the output waveform of the PWM inverter is. practically simple and {easible to
implement. Its different advatageous features and the theoretical results are varified

practically.
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CHAPTER 5

Summary and Conclusion
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The objectives established to investigate the use of the delta modulation tech-
nique for online optimization of inverter output waveforms were satisfactorily re-
alized during this research. Different types of PWM techniques v@ere examined
and compared withA the delta modulation technique. Delta modulation proved its
supremacy for inverter waveform control over others. Further, the performances of
three delta modulators were discussed and the rectangular wave delta modulator
was selected for inverter switching. A novel method of on-line optimization of pulse
width modulated waveforms using variable step rectangular wave delta modualtion
has been proposed. Unlike conventional inverter waveform optirmization techniques
this method iFUtablegsr easy online hardware implemention. Furthermore, vari-
able step rwdm allowed the optimization criteria for inverter wave-forms to be

changed easily.

The features of delta modulation, namely easy implementaion, lower harmonics
at the output of the inverter, transition of v/{ characteristics from multiple pulse
mode to single pulse mode, easy harmonic and commutation control have been var-
ified. A Fourier analysis was done for the delta modulated wave. It has been found
in the study that the harmonic behavior of dplta modulated inverters are such that
at the inverter output, the harmonic voltages are high at low frequency operation
and low at high frequency operation. However, at low frequency operation, the
dominant harmonics are higher in orders and at high frequency operation, the dom-
inant harmonics are low in order. As a consequence, when the DM inverters are
used for R-L load or dynamic motor loads, higher harmonics in the load currents
are attenuated. This is because the harmonic reactances for higher order harmonics

at low frequency operation are high and for low order harmonics at high frequency
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operation are high. This high reactance value at different dominant harmonics lim-
its the harmonic load current. The theoritical results of the harmonic behaviour of

the rectangular wave delta modulated inverter output was verified experimentally.

Different features, performances and analysis of the rectangular wave delta
modulator are studied in this thesis work. ‘Tuned rectangular wave delta mod-
ulation’ - the latest proposed scheme for on-line optimization of PWM inverter
wavelorms is examined. Its various features are compared theoretically and experi-
mentally with that of proposed variable step rectangular wave delta modulation. It
has been observed that during variable frequency operation when the slope of the
carrier wave is changed to control the switching points and harmonics using tuned
rwdm, fundamental voltage of the inverters reduce. With aim to overcome this
effect, the new technique called the variable step rwdm is proposed. The metho&
has the capability to maintain near constant fundamental voltage of output wave-
form of the inverters. This glethod controls the switching points and harmonics by
changinghe window width of modulated waveforms which is very easy for Larmonic

elimination during on-line operation.

Future work:.

The delta modulation technique has been employed in various power converter
applications such as inverter controlled rectifiers and voltage controllers. The use
of this technique has been reported for drives and for uninterruptible power supplies
as well. Efforts are under way to implement this technique for various converters
with colnputer generated switching waveforms. Micro computer generation of three

phase switching waveforms of various power converters can be undertaken in future
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works.

In waveform optimization, only window width varié.tion is examined in the
present work and variation of slope was proposed before. Optimization using si-
multaneous variation of the slope of the carrier wave and the window width can be
examined and implemented. The block diagram of this type of modulator is shown
in fig. 5.1. Also the possibility of using switched capa&itors filter in the modulators

can be explored in the future works.
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