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A method for synthesizing the schemes of multilevel inverters based on the theory of orthogonal transformations of
discrete functions is proposed. It is shown that the forming of output voltage of multilevel inverter on the basis of
orthogonal transformations of discrete functions defined at finite intervals provides the following advantages: more
economical and reliable structure of the power section of the inverter based on unified H-type modules, coefficient of
harmonic distortion THD is lower than in known schemes. The generalized order of voltage forming with pulse-
amplitude modulation is presented and the choice of the number of inverter modules is justified. The advantages and
disadvantages of the received inverter circuits in terms of THD are estimated. References 6, table 1, figures 3.
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Introduction. One of the key problems in modern electric power industry is to ensure a high level of energy
efficiency of power systems and the quality of the initial parameters of voltage (or current). A special place in modern
electrical energy engineering is occupied by power supply systems with distributed generation and renewable energy
sources. The output parameter of the main renewable energy sources, such as photovoltaic cells and wind generators is
a constant voltage that varies over a wide range. To provide consumers with alternating voltage of 220 V, 50 Hz, the
voltage inverters are used. In particular, very actual and complex task is obtaining of the "clean" sinusoid, because even
the small distortions of it lead to additional losses and a decrease in the technical and economic performance of the
system as a whole. This task is solved by use of multilevel inverters (MLI), which allow obtaining high quality of the
output parameter due to the forming of the voltage (or current) with a stepped waveform. The important MLI peculiarity
is that the standard low-voltage IGBT modules are used to obtain a high output voltage [5].

Among MLI topologies a specific place is held by cascade multilevel inverters which are based on consecutive
connection of several single-phase bridge inverters in a phase of loading [1, 2]. Each single-phase inverter can be
considered as an H-type module with a similar topology of power circuits and control. Advantage of such topology is
use of the unified modules; high reliability at the expense of reserving capacities; distribution of entrance voltage,
current, and power for uniform loading of power switches of the converter. The number of levels of MLI output voltage
in this case can be defined as M = 2 + 1, where s is the number of modules.

The necessary number of the modules in a phase is defined by required THD (total harmonic distortion) factor.
For THD reducing, the number of voltage levels with the pulse-amplitude modulation (PAM) should be increased.
Actually, for three-level voltage the typical THD value is 25,3%, for five-levels voltage - 11,05% [3].

The objective of the article is elaboration of the ways to achieve assigned level of THD for output voltage
(current) of the cascade multilevel inverter with the minimum quantity of inverter modules. This objective is achieved
by use of basic functions of spectral transformations as the control signals for the modules and determination of power
supply voltage levels for modules or coefficients of transformation of the output (or input) transformer.

Use of spectral transformations. The use of spectral transformations for the definition of MLI scheme
parameters is based on the mutual orthogonality of the basic functions of their direct and inverse basic functions and the
possibility of implementing of these basic functions into inverter modules [4].

The orthogonality of basic functions can be written as

3 B B=L AR =1 (M
where N is the length of definition interval for initial function and its spectrum (the number of discrete digits), I is a unit
matrix with the dimension NxN; F., Fy are matrices of basic functions of direct and inverse spectral transformations,
correspondingly, with the same dimension.

Let the desired voltage with pulse-amplitude modulation is assigned as a column vector U, whose i-th
component is equal to the amplitude at i-th tact, i = 0...N-1. The output voltage of MLI will be as follows:

U= F Fy - UFy -k, )
where coefficient of transformation K is equal to

=2F U 3)

© Tereshchenko T.0O., Yamnenko Y.S., Kuzin D.V., Klepach L.E., 2018

ISSN 1607-7970. Texn. enexmpoounamixa. 2018. Ne 4 57



Equation (2) is the core of MLI output voltage forming. Herewith the rows of F; are implemented by the voltages
of the inverter modules, the elements of the vector K correspond to modules’ source voltages (or transformation
coefficients), and the multiplication operation of the matrix and the vector corresponds to the addition of the voltages of
the modules in the general circuit (or currents in the common node).

Because of mutual orthogonality of direct and return basic functions, the expression (2) will take a form
L=U 4)
that means that synthesized voltage corresponds to the assigned one.

It’s important to note that neglecting of vector £ components with small values, the equality (4) will be
approximate. But in terms of scheme topology it will allow reducing the number of inverter modules.

To determine the number of modules finally, it is recommended to equate vector’s components to zero step-by-
step starting from the smallest value. After zeroing of each component THD should be calculated. If THD level is
acceptable, the simplification process should stop. The necessary quantity of modules will be equal to the quantity of non-
zero components of the vector K. The value of each component defines the transformation coefficient, and the
corresponding row of F. defines the number of inverse basic function implemented into the corresponding inverter module.

Among the existing spectral transformations whose basic functions are defined at finite intervals, Walsh
transformation could be considered firstly because of its very simple basic functions that accept only the values 1 and -1.
While implementing these functions into MLI [6], each invertor modules realizes one of Walsh functions. Resulting THD
value is quite high. E.g., for the quantity of invertor modules equal to 3, THD value is 26% [6] that doesn't conform to
requirements of modern standards.

Basic functions of Hartley transformation for the interval & = 2 spectral transformation at oriented basis (OB)
for ¥ = 3% and the generalized OB transformation for & = 3% 2% take only values +1, -1, 0 and thus, can be easily
implemented into the bridge invertor modules. The advantages of inverter schemes based on the spectral transformations,
whose basic functions are defined at the intervals, divisible by 3, are also the simplicity and accuracy of realization of
phase shifts divisible by 23, in schemes of three-phase inverters.

When using basic functions of Hartley transformation under the same conditions as Walsh functions (the
quantity of inverter modules is 3), the value of THD decreases to 22% [7]. The disadvantage of this method is the
impossibility of increasing the number of modules to further reduce THD. This is because Hartley transformation is
defined at the interval # = wm*, where m is a positive integer, and only for m=3 the basic functions take simple values
and are suitable for the implementation into inverter modules. Use of OB and generalized OB transformations [7]
requires limitation by a certain number of members in a series. However, in [7] only simplified formula is given for
definition of this number. It is necessary to make a reasonable decision about the transformation choice and number of
members in discrete series that corresponds to the quantity of inverter modules.

Generalized method of pam voltage forming. For modulating function, which is symmetric about T/4 on the

positive half-period, the following forming algorithm of PAM voltage could be proposed:
1) Approximation of time modulating function (in the majority a case — sinusoidal function) with the unitary amplitude
by a stepped function at the interval T/4; 2) Decomposition of the stepped voltage into an orthogonal series of the
favorites of the selected direct transformation at the interval & = T & T, where T, is quantization step of sine
voltage period; 3) Forming of stepped voltage by the formula of inverse transformation and THD determining;
4) Removal of inverse transformations components with small weight and THD determining by simplified expression;
5) Determining the final inverse transformation formula when sufficient THD level is provided; 6) Defining of MLI
structural scheme which implements the basic functions of the inverse transformation into inverter modules, and the
values of the spectral components — into the amplitude of modules’ supply voltage or the transformation coefficients
(Fig. 1 — MLI topology based on unified inverter H-modules).

The method described realizes the forming of multilevel voltage at the interval T/4. To form the voltage

throughout the period, the control system is used which
generates the control signal for i-th module formed as follows:
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Note that forming of stepped current in inverter
modules is carried out in a similar way but instead the addition of voltages in a common contour (see Fig.1) the addition
of currents in a common node of inverter modules should be done.

Spectral OB transformation at N=9. Let’s consider the vector of MLI output voltage as:

V=_(0044 0216 0383 0337 0676 0795 0837 09834 0891F.
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Each i-th component of the vector U corresponds to the value of sine function at ¢; = {f—v) + :_v , where T is the period,

i=0, 1, 2, N-1.

The matrices of direct and inverse OB transformation are following [4]:
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The coefficients of transformation coincide with the spectral components of the function (5):

=_p—t-Fd-U=§U.EﬂF -00e -0l113 —006 0827 -08l6 —033F —002F —0asef

Fig. 2 illustrates PAM function at the interval T/4 and its spectrum: a — pulse-modulated function, b — its spectrum.
The input voltage is described by formula:

e =Ffr K.

This voltage could be written in polynomial form:
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where @ £] is the function of inverse OB transformation that corresponds to i-th row in the matrix F and should be

1

implemented into i-th inverter module.

The forming of stepped-
waveform U, is carried out by addition of
modules’ voltages that correspond to basic
functions of inverse transformation with

the derived coefficients K.

Table illustrates THD values for
different spectral transformations while
neglecting the least polynomial members.
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The data for Walsh functions could be
found in [6], for Hartley — in [7]. For OB
transformation the values for the voltage
were derived by formula (9) with different
quantity of additive components. For nine
inverter modules THD is 1,215%, for three

modules — 6,9%. Similar calculation should be done for the generalized OB at N=6.
It could be seen from Table (THD values for different spectral transformations) that the best quality parameters

Quantity THD , % for different transformations
of inverter

modules | Walsh | Hartley OB Generalized OB
3 26 22 6.9 15,2
4 10 4 8,6
5 39 5
6 2.6 43
9 1.215

are achieved while PAM voltage is formed on the
base of OB transformation.

Conclusions.

Forming of the output voltage of multilevel
inverter on the base of orthogonal spectral
transformations provides low level of harmonic
distortion of the output voltage.

The least THD value (1,215%) was received
for spectral transformation at oriented basis (OB)
with 9 inverter modules. However, in terms of more

economical effectiveness it’s recommended to use 3 or 4 inverter modules that are able to provide THD equal to 6,9 and

4% correspondingly.
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CHUHTE3 CXEM MHOT'OYPOBHEBBIX HHBEPTOPOB HA BA3E OPTOI'OHAJIBHBIX
CIIEKTPAJIbHBIX TIPEOBPA3OBAHMI HA KOHEUHBIX MTHTEPBAJIAX
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Ipeonooicen cnocob cunmesa cxem MHO20YPOBHEGLIX UHBEPMOPOS HA baze meopuu CHeKMpalbHblX NPeodpa306anuil
ouckpemuwvix ynxyuii. Ilokazano, ymo opmupoeanue 6bix0OOHO20 HANPSIICEHUS MHO20YPOBHEB020 UHBEPMOpA HA basze
OpPMO2OHANLHBIX NPeodPaA306anUll (QYHKYUL, ONpedeeHHbIX HA KOHEUHbIX UHMEpEAnax, obecneyusaem ciledyioujue
NPeUMywecmed: IKOHOMUUHYIO U HAOENHCHYIO CIMPYKMYpPY CUN0B0U YACMU UHBEPMOPA HA OCHOBE YHUDUUUDOBAHHbIX
Mooyneil H-muna u Menvuiuii no CpasHenuro ¢ U36eCMHbIMU CXeMamu Kodgguyuenm capmoruseckux uckasicenuti THD.
Tpusedenvt 0606weHHbLL NOPSOOK CUHME3A HANPSNCEHUSL C AMIIAUMYOHO-UMNYIbCHOU MOOYISYUEN U 0OOCHOBAH 8bIOOD
KOUuecmea ungepmopHuix mooynei. OyeHeHbl npeumMywecmea u HeOOCManKu NOTYYEHHbIX CXeM UHBEPIOPOS € MOUKIL
spenust THD. bu6n. 7, tabn. 1, puc. 2.

Knrouessle cnoséa: MHBEPTOP HANPSHKEHUS, TUCKPETHBIE OPTOTOHAIBHBIE TPE0OPA30BaHHS, HHBEPTOPHBINA MOJIYJIb
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3anpononosano cnocid cunmesy cxem OasamopieHesux iHeepmopié Ha 6a3i meopii CNeKmpaibHUX nepemsopeHs
ouckpemnux @ynxyiiu. Iloxkazano, wo ¢opmyeanns euxioHoi Hanpyeu 6azamopiene6o2o ineepmopa Ha 0asi
OpPMO2OHANLHUX NepPemBOpeHb (PYHKYIl, GUIHAYEHUX HA CKIHYEHUX IHmepedanax, 3abesneuyc HACMYNnHi nepesacu:
EKOHOMIYHY | HAOIUHY CIPYKMYPY CUI0B0T YACMUHU IHEEPMOPA HA OCHOBI YHIiKosanux mooynie H-muny ma menwuil y
NOPIGHAHHI 3 l0oMUMU cXemamu Koeiyicum eapmonitinux cnomeopenv THD. Hasedeno yszaeanvhenuti nopsiook
cunmesy Hanpyeu 3 aMnIimyOHO-IMIYIbCHOIO MOOYIAYIE0 ma 0OIPYHMOBAHO UOIP KiIbKOCMI iHEePMOPHUX MOOYIIS.
Oyineni nepesazu i HeOONIKU OMPUMAHUX cxeM Heepmopié 3 mouxu 30py THD. Bion. 7, tada. 1, puc. 2.
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