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Abstract

Wavelet based techniques have been extensivelyinsettious power engineering applications. Regemtlavelet has also
been proposed to generate switching signal forleipgase pulse-width-modulated (PWM) dc-ac inveri¢re main advantage
of the wavelet modulated (WM) scheme is that alsisgnthesis function, derived using wavelet theoan be used to generate
the switching signal as well as to model the inrMedutput which is not possible with other modwattechniques. But, unlike
other popular PWM schemes e.g. sinusoidal PWM, wihiffers independent control to both magnitude &eduency of
fundamental inverter output voltage, the existin/\Wcheme can only control the frequency of the amdntal. This paper
proposes an improved WM scheme for single-phaseididi voltage source inverter. The main emphasih®fresearch work
carried out in this paper is to find a feasibleutoh to the magnitude control problem for existitg! scheme.
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1. Introduction

Carrier-based PWM techniques, e.g. sinusoidal puwisth modulation, SPWM, are classical and wide§ed methods to
generate inverter switching signal. SPWM is the tnpmgpular scheme owing to its simplicity and easémplementation. The
basic idea of SPWM method is to compare a highukeqy carrier signal, a triangular waveform, witkimusoidal modulating
waveform of the same frequency as desired invertéput to obtain the inverter switching instants.the linear modulation
region, SPWM provides an ac output voltage thaiegdinearly as a function of the modulation indad harmonics are shifted
towards higher frequency bands. To extend the limeadulation range and to avoid the distortionhtie butput of three-phase
inverter in over-modulation region, several modifions to the basic SPWM scheme (like zero sequsigoal injection and 60
modulations) were introduced resulting in differaonsinusoidal carrier-based PWM schemes (Holt2218iolmes et al, 2003;
Boost et al, 1988). Several other techniques har peoposed in the literature to improve the pentonce of dc-ac inverters like
Random PWM (RPWM), Selective harmonic eliminatid8HE), space vector modulation (SVM) etc. (Rangaargtil997,
Habetler et al, 1991, Wells et al, 2005, Kato, 9999

The More recently, a completely different and ampiging PWM switching method, based on wavelet matioh (WM) has
been reported in Saleh et al, 2009, and Saleh, @04l for single phase inverters. The basic idethi® approach is to view
inverter switching instants as groups of nonunifeeturrent samples of a continuous time (CT) sigimal to view variable width
switching pulses as reconstruction of sinusoidfresnce modulating signal from these nonuniformpgas For implementation
of this idea, a scale-based linearly combined nadityscaling function, capable of creating nonumifeecurrent sampling and a
nondyadic synthesis scaling function which is cé@alb reconstructing the signal from its nonunifor@current samples has been
developed using basic Haar wavelet functions. Thé $&heme has been tested for open loop steadypsdimrmance testing of
a single-phase H-bridge voltage-source (VS) invarsing MATLAB simulations. Higher magnitudes ohflamental components
and lower harmonics content than those obtainech fitee conventional PWM and RPWM inverters are reggbr However, a
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major problem with WM scheme in its present forrthiat it does not provide true control on invedatput voltage. Unlike other
popular PWM schemes, e.g. SPWM, which providespeddent control to both frequency and magnitudéheffundamental
inverter output voltage, WM can only control theduency of the inverter output voltage by meansootrolling the frequency of
reference sinusoidal modulating signal. Therefafdyl scheme in its present form cannot control inmerbutput voltage
magnitude at a constant switching frequency.
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Figure 1. Single phase four pulse H-bridge inverter

Considering the limitations of the basic WM scheasediscussed above, the main emphasis of the chseark carried out in
this paper is to find a feasible solution to thegnitude control problem and also to present sonmoitant investigations related
to implementation and harmonics performance issfiexisting WM scheme. The proposed wavelet modwutascheme of four
pulse single phase inverter presented in the papeplemented using a MATLAB.

2. Wavelet M odulation

A Wavelet is a widely used technique in many sdiienand engineering fields and has also been esktefy used in several
power engineering related applications (Heydt e1897, Dwivedi, and Singh, 2009 and 2010). Afoaied critical review of the
basic-WM scheme (Saleh et al, 2009) is providethi; section. As, the start and end of a rectang@WM switching pulse is
defined by the two time instants or time sampled e width of each of these pulses varies ovefr dyalle of the sinusoidal
modulating signal. Therefore, these switching instzan be viewed as groups (pairs) of non-unifoimetsamples generated
through non-uniform sampling of the continuous tisignal and rectangular pulses viewed as setstefpiolation functions that
aim to recover a sinusoidal signal from its sampkesther, the periodic nature of the sinusoidéénence signal makes it a non-
uniform recurrent (periodic) sampling-reconstrustiase. The complex mathematical derivation shbalglaced in the appendix
of the paper, which is placed at end of the paper.

As demonstrated in (, this analogy provides a weagenerate PWM switching pulses using nonuniforocument sampling and
reconstruction (through interpolation) of contingdime sinusoidal modulating signal. Though, theegation of switching pulses
using nonuniform sampling and Lagrange interpofafimctions is a complex procedure but, it providefeoretical foundation
(to develop a model of the inverter operation ustogcepts of the sampling theorem) for a naval whgenerating PWM
switching actions. Apart from computational comgxanother problem with the interpolation basedsp generation method is
that it needs a carrier signal to generate the miéonun time samples. Therefore, in (Saleh et @02 and Saleh et al, 2011)
nondyadic-type wavelet multiresolution analysis (MRwvhich is capable of supporting a nonuniform singpgeneration and
reconstruction process has been suggested to deviea class of carrier-less switching scheme.

Wavelets (Chui, 1997, and Daubechies, 1988) araatbby the wavelet function(t) ( also called the mother wavelet) and a
scaling functionp(t). The Haar wavelet's mother wavelet functigyft) can be described as

1 0O<t<1/2
Yyt)=4-1 1/2<t< 1, (1)
0 otherwise

and its scaling functiopy(t) can be described as

1 O<t< 1,
0 otherwise

@)= { )
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In order to represent a signal at different resotutevels, the used scaling function must be édatscaled) and translated
(shifted).

:
(1) Equal width ON pulse
i~ | !
0 03 N 075 i ';'
! :
dhit) i=1
o
0:35 s 75 | ;“‘
ﬂ(‘g) 1 J1'=1
1 ON pulse
0 0.25 0.5 0,75 L 5
1 41 L
g (1) =1
1] (525 .3 073 | ;"
452(5:' ! j=2
2" ON pulse
0 &, 025 05 075 1, T
] -
'353(3:' |— i=3 ‘
0 025 05 .75 | ;"-
&' i=3
3° ON pulse
0I5 025 03 (I S
1
f
4o [ " 3 W
0 0.25 0.5 0.75 L.
]
p -4
(£ ! 4" ON puise
7
g (.25 0.3 0.75 LE

Figure 2. Variable width switching pulse generation usinglgsis function & synthesis scaling function atmatized time scale

Scaling and translation of the basic Haar waveidtstaling function results in a family of scalifugction presented as
(@) () =g ('t -K), (3)

where, j =1,2,3,.n0Z , is the scaling factor ank =0, ...... , 2 - 1is the translation factor. Among the large fanafydifferent

mother wavelets and associated scaling functiofy blaar scaling functions qualify to accurately mbdectangular shaped
ON/OFF switching pulses. Therefore, to generatéalode width switching instants, two Haar scalingdtions with same scale
parameters but different translation parametense(ghift) are combined to construct a new scalimgtion given as

pt) =g (2" +g 2" e-1+ 20Y)). (4)

This scale-based linearly combined scaling functigiit) creates two samples at each dilation (scpleYhese samples are
created at
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tdl = 2_(j+1), (5)
tdz =1_ 2_(]+1) y

with respect to an arbitrary origin. The new analyaling function thus constructed is subtradteo the original Haar scaling
function to obtain the synthesis function expressed

#) =g, ) -g 1. (6)

This nondyadic synthesis function which is the dofkthe analysis function is capable of generatragable width inverter
switching signal (Saleh et al, 2009).

Let f,, be the desired frequency of the inverter outmliage and is the number of desired ON switching pulses yefec To
explain the working of WM scheme, at first, thes@dmbers of ON pulses are assumed to be of equiéh /D, where a next
ON pulse starts immediately after the previous OlNs@ Hence, these pulses can be modelled usingH#® scaling
functiong, that has a normalized (by./D) interval of support [0 1]. But, PWM scheme regsirvariable width ON/OFF
switching pulses. Therefore, the main idea in theib WM pulse generation scheme is to change tdéhvaf successive ON

switching signal usingg, (t) and ;9{0(0 by changing the value pfas shown in the Figure 2.
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Figure 3. WM based switching pulses with D=30, and fm=60 Hz

The algorithmic implementation of the above appho@gjuires calculations of switching instants afcassive ON pulses using
(5). Sincety,and ty, are defined with respect to an arbitrary origier#tiore, for each successive pulse this arbitraigirois

shifted forward in time byf;, which is its interval of support. Therefore, sshing instants with respect to the zero crossing of
reference modulating signal can be calculated as

ty, =T;.[d+270D),

e (7)
td2=Tj'[d+1_2J ], ford=0,12,....D- :

where, §; and §, represents start and end of an ON pulse. In thsept study j;Thas been calculated as =TT,/D to make the
analysis simple.

Owing to the quarter-cycle symmetry of sinusoidgference modulating signal, the width of inverteM Pulses needs to be
increased successively in the first-quarter of dadficycle while decreased successively in theseauarter of each half-cycle.
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Therefore, scalgis required to be increased over the interval§T@d4)] and [T./2, 3T,/4] and is required to be decrease over the
intervals [TmA), (T/2)] and [3/4, T,]. Itis to be noted that scalewhich is initialised to 1 at the beginning of edwdif cycle,
is increased by 1 for each successive pulse. $dalees its maximum value for the pulse occurringhat peak of sinusoidal
reference modulating signal after which it decredsg 1 for each successive pulse to attain the saitred value (i.e.j=1) at the
end of the half cycle.

Figure 3, shows the generated switching pulses BAatB0 andf,=60 Hz using the above described WM scheme foptsitive
half cycle. Similar pulses are obtained for theateg half cycle of the modulating wave using baaid scheme. This WM
scheme has been applied for single-phase invé&iture 1, in (Saleh et al, 2009).
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Figure 4. The switched dc-ac inverter output voltage dukasic wavelet modulation switching signals, (a)dhéut voltage,
and (b) its spectrum

Figure 4 shows the ac voltage obtained at the ¢ugvminals of single phase inverter activated hgit-WM switching and
with a 50V dc at its input and without any load geated at its output. From a simple observatiothefWM switching pattern
and inverter output waveform, it can be seen thattgally, switching pulses (and hence, the outmltage pulses) don't offer
much variation in width. Furthermore, the basic-Wdgheme provides no provision to vary the width ®/OFF switching
pulses. Hence, for a particular value of D, (ortsling frequency) the magnitude of fundamental ouypltage remains constant.
In comparisons to SPWM where magnitude of fundaaiemitput voltage can be varied by changing the utadn index, WM
scheme in its present form cannot control investgput voltage magnitude. Extensive simulationsehaaen performed to test the
performance of basic-WM based single phase invaitdifferent switching frequencies and with diffet dead-time. Fast Fourier
transform (FFT) analysis of the basic-WM invertetput voltage reveals the presence of strong lakemoharmonics in the output
voltage spectra. Judicial selection of intervasopport T can generate good quality ac output with harmooargent lower than
those obtained using SPWM.

2. Wavelet M odulation

To improve the performance of the basic-WM, a geliwed wavelet modulated (GWM) scheme is develogad] presented in
this section. The proposed scheme is obtained togducing some important innovation to the basic-VEbheme. The main

advantage of the WM scheme is that a single funcﬁﬁt) can be used to generate the switching signal #saa¢o model the
inverter output which is not possible with otherdulation techniques (Saleh et al, 2009).

To provide a control on the magnitude of invertetpait voltage, the basic-WM scheme has been mddifjeintroducing a new
parametep, without affecting its basic design structure. Blover, it can be proved that the basic-WM schenaesizecial case of
the proposed GWM scheme. The proposed new scaéeHiagarly combined scaling functiag (t) is defined as
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@i () =a, (217 + g (21 ¢ - 1+ Z YY), wherejel ®)
It is to be noted thap, (t) is also constructed using two Haar scaling fumstibut with a non-integer scale parameter. At each

dilationj, ¢;(t)also creates two samplesth respect to an arbitrary origin at

tdl = 2_(/1-j+1) , (9)
ty, =1- o (i)
The proposed new synthesis function is obtain ugiedgollowing expression
Po(t) =g (1) - ¢; (). (10)
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Figure5. Variable width switching pulse generation usinggmsed method for u=0.2 at normalized time scale.

Using the newly designed synthesis funcg&p(t) , the switching instants with respect to the zaassing of reference sinusoidal
modulating signal are generated at

ty =T [d+ 27T,

. (11)
typ =Tp[d+1-27%*D] ford=0,1,2,.....p- 1
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Equations (4)-(7) can be obtained by putting ur=(8)-(11) thus proving that the basic-WM is a splecase of GWM.
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Figure 6. GWM based switching pulses with D=30, dpd60 Hz for, (a) u=0.4, (b) u=0.2.

The proposed GWM scheme is used to generate tirggagnals for a single-phase H-bridge inverteis Ito be noted that in
each inverter leg, lower switches receive compldargrgating signal to that of their correspondimger switches. Fig. 6., show
the generated switching pulses for inverter swciwhenD=30 andf,=60Hz using the proposed GWM scheme for two difiere
values of p.

The proposed generalized wavelet modulation schefndour pulse single-phase inverter presented iis {maper is
implemented using a MATLAB code and is finally cented to an equivalent SIMULINK block. Simulatiohave been carried
out on single phase voltage source inverter usiegdeveloped SIMULINK block to analyse the perfonee of the proposed
scheme. Tests are also carried out in order tcstigate the performance of the proposed schemediffdrent values oft when
supplying an R-L load. For this an R — L load 6f4j7.36Q is connected to the inverter output side. Thengcit voltage is set
to Vpc =50 V.
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Figure 7. The switched dc-ac inverter output voltage dugeoeralized wavelet modulation switching signatsi=30 and
u=0.4, (a) the output voltage and (b) its spectrum

Table 1. Fundamental Inverter Output Voltage (peak) fdifédent Values of p
M 1109 | 08| 07| 06| 05/ 045 04 035 08 025 Q2 0.08 | .05/ .02 .0%1

Vo

V) 57.4| 56.5| 554 53.6 514 485 46.p2 443 416 3&836| 30.7] 245 179 9 41 20

Figure7, show the output voltage waveforms of mjilase inverter activated with these switchinggmifor ©=0.4. Figure 7(b)
shows Fast Fourier transform (FFT) of the GWM iteeputput voltage waveform, shown in Figure 7&gnificant reduction in
the harmonics (specially, lower order harmonics) lsa observed in the output voltage spectra. Frenobservation of the GWM
switching pattern and inverter output waveforngah be seen that the width of the switching pudseshence, the output voltage
pulses, can be changed by changing the value Sherefore, the proposed method is capable of pindue variable magnitude
fundamental output voltage at inverters output teafrby varying the value of index p. Table 1, seave obtained magnitude of
the fundamental ac output voltage for some discreliges of parameter p.

4, Conclusions

Wavelet modulation has been found to be a priomisarrier-less PWM scheme as a single synthesistibn, derived using
wavelet theory is used to generate the switchiggadias well as to model the inverter output whiimot possible with other
modulation techniques. However, the existing WMesnh in the literature for single-phase inverters &a inherent inability of
controlling the fundamental output voltage magrétughd shows strong lower order harmonics in itpututoltage spectra,
limiting its use in practical applications. Impraonent to these problems without altering the bafiecture of the existing WM
scheme are proposed and demonstrated in this paper.
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