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Abstract

The paper is related to the problem of generating the high qual-
ity AC voltage waveforms in distributed power generating
systems with DC voltage sources like photo-voltaic farms and
fuel cells. A novel approach to the synthesis of AC voltage
waveforms, applying chosen analytical methods like Fourier
transform, Haar wavelets transform and orthogonal vectors
method, is discussed. The simulation and experimental results
for the proposed complex convertor’s structures are presented
in the paper.
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1. Introduction

There are two categories of renewable energy
sources used in distributed power generation systems. AC
sources like wind farms, where the power is transferred
on the mechanical rotation basis, can use classical elec-
trical machines to generate demanded 50 Hz sinusoidal
voltage waveforms. In static DC sources like photo-
voltaic farms and fuel cells the obtained DC power
should be converted to AC using power electronics con-
vertors. The quality of generated waveforms, especially
THD (Total Harmonic Distortion factor) should comply
with the appropriate standards. Commonly for this pur-
pose the two level VSIs (Voltage Source Inverter) con-
trolled using PWM (Pulse Width Modulation) method
are used. This method has well known disadvantages
related to high frequency switching like power losses in
switching elements and necessity of using special filters
for high frequency components in the output voltages.
These disadvantages can be reduced using multilevel
convertors and amplitude modulation method.

The presented proposal deals with the topology and
control strategy of multilevel convertors. Three different
methods for synthesis of the output waveforms applying
Fourier transform, wavelet transform and orthogonal
space vectors method are discussed. The comparison of
the results obtained using different methods as well as the
impact of the used method on multilevel convertor’s
topology are also in the paper.

2. Fourier series waveforms synthesis

Given is function @(x):
1 for 0<x<a,
q)(x) = Y az0
0 for other x

The scaling function ¢,(x) is defined as following:
0, (x) = (p(x — n(x) for n=..-2-1012,..

Scaling function represents square pulse of unitary ampli-
tude and duration a, The pulse position on x axis depends
on parameter n. Some examples of the scaling functions
are presented in Fig.1.
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Fig. 1. Examples of the scaling functions:
(Po(x) = (p(x), (P—l(x) and @, (x)

The transform of the function to generalized Fourier
series based on the set of scaling functions (¢,):

£(x)=3 e,0,(x)

(f:9.) _ I” £ (), (x)dx
ol o

Practically approximation consists in summation of
finite number N of terms of the series. The accuracy of
the approximation of the function f{x) in integral <a,b>,
depends on parameter o. In power electronics applica-
tions the most important criterion of approximation accu-
racy of sinusoidal waveform is THD. An example of
approximation of f{x)=sinx function for N=6 is presented
in Fig. 2.
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Fig. 2. The Fourier approximation of f{x)=sinx function
for N=6

In Fig. 3 the spectrum analysis of this waveform is
presented.
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Fig. 3. The spectrum analysis of the waveform

from Fig. 2. THD=31.09 %
The approximation of the same function for N=12 is

presented in Fig. 4.
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Fig. 4. The Fourier approximation of f{x)=sinx function

In Fig. 5 the spectrum analysis of this waveform is

presented.

1

09H

08H

07 H

0B H

05H

044

03

024

01H

]

for N=12

0

20

2

EUR -}

40

45

50

Fig. 5. The spectrum analysis of the waveform

The results of Fourier approximation for consequent

from Fig. 4. THD=15.23 %

N are collected in Tab.1.

Tab.1. Fourier approximation for different N.

Fy o N\FH THD
Fi- T 1 48,37 %
Frng /3 2 31,09 %
Frn-p; /6 3 1523 %
FN=16 /8 4 11,41 %
Fn-zy /12 6 7,63 %

The parameter N\F'\ denotes the number of de-

manded independent supply voltage sources.

3. Wavelet waveforms synthesis

The wavelets is a term for mathematical func-
tions, which allow the analysis of signals in different
time scale and with different resolution. Thanks to this
adjustable ,,scope of the view” the wavelets can be used
to distinguish and analyse small and big details of the
investigated process as well. Especially they are useful in
analyse of discontinuous processes or processes with step
level changing. The wavelets application are in many not
directly related areas like seismology, video analysis,
quantum mechanics or electronic. The term ,,wawelets” is
the direct translation of french term ,, ondelettes” or ,, pe-

tites ondes”’, which means , little waves”.

Till now the wavelets have been used mainly for
analysis of processes or signals based on decomposi-
tion of the elements of the processes. The following
considerations will prove that wavelets can be also
useful in composition of the power electronics signals
and structures.

For this purpose the Haar wavelets have been
adopted. The fundamental Haar wavelet \|1(t)=\|100 (t)

can be constructed transforming the following scaling
function ¢():

1 for 0<t<],
olr)=
0 for other t

The composition of two consecutive scaling functions

(p(2t) and (p(2t —1):

1 for 0<¢<0,)5),
o(2r)=
0 for other t

1 0,5<t<1),
0 (2t B 1) _ for <1
0 for other t

creates the Haar wavelet: y(¢) = ¢(2¢) - @(2¢ - 1)
which can be described as following:

1 for 0£t<%,

y(t)=1-1 for %St<1,

0 for other t

The scaling functions and the fundamental Haar wavelet
are presented in Fig. 6.
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Fig. 6. The scaling functions (p(Zt) and (p(2t - 1) and
the fundamental Haar wavelet y(¢) =, (¢)



By introducing two parameters: m — scale factor and
n — displacement factor the generalised Haar transform is
obtained:

i
M OE N

The scale factor m — settles the width and amplitude of
the wavelet, and the displacement factor n — settles the
wavelet position on time axis.

The fundamental Haar wavelet corresponds to the
factors: m=0 and n=0 and can be denoted

asy(t) = ().
Some examples of wavelets (\|/10(t) and W, (t))

w2 " t—n)formn=..-2-10]12,..

are presented in Fig. 7.
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Fig. 7. Examples of the wavelets: \|110(t) and (t)

The Haar wavelet form is similar to the form of the
voltage or current pulse that can be obtained using simple
one-phase inverter. The displacement and width of the
wavelet can be freely controlled. Thanks to these proper-
ties it is possible to apply wavelets in power electronics
i.e. to form the output waveforms of multilevel conver-
tors.

For the one-phase power electronics purpose the
scaling function ¢(x) is defined in interval x € <0, 2m):

1 for 0<x<2m,
<p(x)={ }

0 for other x
The fundamental proposed wavelet is defined like the
Haar one: y(x)= @(2x)-o[2(x — )]
and can be expressed as following:
1 for 0<x<m,
w(x)=1-1 for m<x<2m,
0 for other x

The wavelet transform is defined as follows:
Vo (X) =y 2" (x—n2"' )] for m,n = ...~2,-1,0,1,2,...
where 221 =2""'1 is a wavelet carrier.

The x axis position is defined as n-times 2" 7 dis-
placement. The m factor scales not the wavelet amplitude
but the carrier. All the wavelets y, (x) are orthogonal in

interval x € <0, 2m). For the wavelets of different m and
equal # the integral:

Y, (x)\ym,n (x)rbc =0 for k=l

2n

0

because each wavelet with smaller carrier is contained in
interval, in which the wavelet of bigger carrier is con-
stant.

Let the approximation function f, (x) in interval

x €<0,2m) be a combination of wavelets with m = -3, -
2, -1, 0. It can be denoted as a sum:

m=0 27" m=0 27" |
£,3)= 2 24, ()= 2, D ()

where the functions f;,,(X) are component wavelets of
amplitude and phase defined by the factors a,,, :

17
=~ [ SinC0W,,, (X)dx

m 0
The function f{x)=sinx approximated using wavelets

Joo(X), f20X), fa(X), faa(x) and fa3(x) is presented
in Fig. 8.
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Fig. 8. The approximation of f{x)=sinx using wavelets

Joo(X), f20(X), f21(X), f22(X) and f3(x)

The spectrum analysis of this approximated wave-
form is presented in Fig.9.
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Fig. 9. The spectrum analysis of the waveform
from Fig. 8. THD=23.06 %

The function f{x)=sinx approximated using wavelets
Joo(X), fon(x) and chosen wavelets f3,(x) is presented
in Fig. 10.
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Fig. 10. The approximation of f{x)=sinx using wave-
lets foo(X), f2n(x) and chosen wavelets f3,(x)

The spectrum analysis of this approximated wave-
form is presented in Fig.11.
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Fig. 11. The spectrum analysis of the waveform
from Fig. 10. THD=13.70 %

The results of wavelet approximation for consequent
N are collected in Tab.2.

Tab.2. Wavelet approximation for different N.

£, a N THD
£ m 1 48,37%
£, /4 2 23,60%
£ /6 3 13,70%
Jo. n/8 4 11,44%

The comparison between Tab. 1 and Tab. 2 shows
that the for the same number of independent voltage
sources the THD factor varies depending on the used
transforming method.

4. Recurrence Orthogonal Vectors synthesis

The OVT convertor consists of two standard invert-
ers: a main inverter (MI) and an auxiliary inverter (Al),
connected together with the help of a summing node (S)
which can be set up in a number of ways. The MI gener-

ates Vi space vectors while the AI generates space
vectors V., orthogonal to the MI vectors. The idea of
the OVT convertor control is outlined in Fig. 12.
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Fig. 12. The idea of the OVT convertor.

The OVT convertor generates 18 output voltage
space vectors of similar length. The maximal value of the
fundamental reaches 430 V and the THD ratio of the
output voltage slightly exceeds 10,52 %.

The OVT convertor has been verified during labora-
tory tests in the AC Drives and Control Laboratory of
the Electrotechnical Institute in Gdansk.

The idea of the OVT convertor has the property of
recurrence. It is possible to duplicate the used mechanism
of vector formation, and by adding a next OVT inverter
(of adequately reduced power) it is possible to signifi-
cantly improve the output voltage of the convertor.

The convertor (called RECOVT) consists of a main
inverter (MI) and few auxiliary inverters: AIl to Ain,
which are connected together with the help of a summing
node SN. The sequence of nine voltage vectors generated
by two stage RECOVT is presented in Fig. 13.
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Fig. 13. The voltage vectors generated by two stage
RECOVT convertor.

This convertor is able to generate 54 output voltage
space vectors of the similar length. The THD ratio of the
phase voltage does not exceed 5 %. The results obtained
during laboratory tests of this convertor are presented in
Fig. 14.

The complex convertor, built of i.e. four simple in-
verters, generates excellent output phase voltage with
very low harmonic level.
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Fig. 14. The laboratory results for two stage RECOVT
convertor

5. Topology considerations

The topology of multilevel convertor is dependent on
the method used for its output waveform synthesis.

When the additive amplitude level modulation is
used (i.e. RECOVT convertor) with Volage Source In-
verters (VSI) as the building blocks the additional sum-
ming node is necessary. The summing node is realised in
the form of the appropriate transformer.

The topology of two stage RECOVT convertor with
summing node is presented in Fig. 15.

Upy |t

L2

T7*2} 2 E]ZL

=
e

Fig. 15. The topology of two stage RECOVT convertor
with summing node

The summing node in the form of transformer is a
significant disadvantage of this circuit. Changing the
building blocks or the control method it is possible to
create the requested waveforms without the summing
node.

When Current Source Inverters (CSI) are used as the
building blocks of the multilevel convertor, the direct
coupling without the summing node is possible inde-
pendently of the synthesis method. The topology of mul-
tilevel convertor based on CSlIs is presented in Fig. 16.

If the control method is based on independent volt-
age vectors distributed in time domain (synthesis based
on Fourier or wavelet transform), the outputs of the in-

verters realizing different levels can be connected di-
rectly to the load. An example of this kind of coupling is
presented in Fig. 17.

Fig. 16. The topology for direct coupled one-phase multi-
level convertor with Current Source Inverters

Fig. 17. The topology for direct coupled one-phase multi-
level convertor

A simplified topology with only four switches is pre-
sented in Fig. 18.
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Fig. 18. The simplified topology for direct coupled one-
phase multilevel convertor



5. Conclusions

The described methods for waveforms synthesis can
be useful in designing convertors with low level of output
harmonic distortion. Choosing the proper control method
and topology of convertor it is possible to obtain the
desired harmonic distortion level.

The proposed control methods for multilevel conver-
tors have the following advantages:

- low harmonic content of the output voltage,

- low switching frequency of all inverters,

- low switching losses, related to switching frequency,
- relatively low power rating of Al inverters,

- relatively simple topology,

- simple convertor control circuit.

The possible application area belongs mainly to
higher power convertors especially in distributed power
generation systems with DC sources like photovoltaic or
fuel cells with discrete voltage levels. In the sources of
this kind there is an easy way to group cells to obtain the

desired voltage levels for the multilevel convertor. This
new solution becomes an attractive alternative to a tradi-
tional output filtering technique utilizing passive compo-
nents.
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