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O0num i3 naiieaxcausimux napamempie 6Gaea-
mopieHesux ineepmopie € CuHYCoidaavHiCmb 6UXIOHOT
nanpyeu. Icnye documov OGazamo piznux anzopummis
MOOYysauii, AKi 00360/A10Mb OMpuMamu pisHi NOKA3-
HUKU cunycoidaavHocmi 6uxionoi nanpyeu ma piznuil
emicm euwux eapmonix. Ilpedcmasneno yuisepcano-
HUll anzopumm Mooyasuii, AKuii 0036015€ Ompumamu
Qdopmy euxionoi nanpyeu 6azamopisnesozo ineepmopa
3 0Y0b-aK010 KiNbKICMIO cmynenie, onmumizoeany 3a
BMICMOM BUWUX 2APMOHIK, A CaAMe 3a MIHIMYMOM Koei-
UieHma 2apMOHIMHUX CNOMEOPeHb. 3anponoHosanuil
anzopumm 00360J5€ OMPUMAMU MIHIMATLHO MOKCTU-
euti THD 0ns 6yov-sxoi pienesoi nanpyeu. Ilepesazoro
3anpononoeanozo anzopummy Yy NOPiGHAHHI 3 aAHATO-
eIMHUMU aJlzOpuUMMAMU OnmuUMIzauii € 3abesneuenns
MEHWUX 2aPMOHIMHUX CNOMEOPeHb Ma 11020 6i0HOCHA
npocmoma. Ilpedcmasnenuii aneopumm 6asyemocs Ha
amMnaimyonin MoOYAAUli CUHYCOI0ANIbHO20 CUZHANY 3
25 % mnepemodyasnuicto 6i0HOCHO Halluwjoi ouckpem-
nocmi. Ilpedcmasneno ananimuuni eupasu, wo 00360-
JAA10Mb UIHAMUMU Hac (KYm) 6MUKAHHS KOHCHOZ0 Chy-
nems euxionoi nanpyeu ons Qopmyeanns Minimymy
CepednbOKEeaAdpPamMuU 020 3HAMEHHS GUUUX 2aPMOHIK.
Jlna niomeepoxcenns anamimuunoi mouxu onmumy-
My 6 npozpammnomy cepedosuwyi Matlab/Simulink 6yao
po3pobaeno pad Gazamopisnesux ineepmopis nanpy-
eu, sKi popmyromv n’smu-, cemu-, de6’smu- ma oou-
Hadusmupienesy popmu euxionoi nanpyeu. Iposedeni
docaiicenns noKa3anu, w0 mouKyu ONMUMYMy O1st 6Cix
Qdopm 6azamopisnesux nanpyez 00C12a10MbCA NPU 00HO-
My U momy xHc Koepiuicnmi amnaimyonoi mooyasui.
Ioxaszano, wo 3anpononosanuil anzopumm MoOYAAUii
MOJCAUBO MAKOINHC 3ACMOCO8YamMU 0Nsi Pezyosan-
HA amnaimyou ma wacmomu 6uxionoi nanpyeu 6 oaza-
mopienesomy ineepmopi. Ilpedcmasnero pezyniosaviy
xapaxmepucmury 6uxionoi manpyeu 6azamopieneozo
iHgepmopa npu amniimyoHo -iMNYabCHIlE MOOYNAUTE

Kmouosi caosa: amnuimyona mooyaauis, xoedi-
UIEHM 2aPMOHIMHUX CNOMBOPEHb, ONMUMYM CUHY-
coidanvrocmi euxionoi nanpyeu ineepmopa
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1. Introduction

Many industries, such as alternative power sources,
electric drives in the oil extraction sector, and others,
actively employ single-phase, three-phase and multiphase
multilevel voltage source inverter (MVSI) [1, 2]. Some of
the most common types of MVSI are the cascade inver-
ters (Fig. 1) [3, 4].

Each phase of the cascade MVSI consists of the z num-
ber of connected in series single-phase bridges (cells). In the
cascade MVSI, each shunt has its individual constant-volt-
age power supply [5, 6].

In this case, the cascade MVSI can employ both the
two-level and three-level single-phase bridges. The advan-
tage of using three-level bridges is that they make it possible,
at the same number of independent power sources, to obtain
a larger quantity of the output voltage levels and, conse-
quently, higher sinusoidality [7, 8].
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One of the basic requirements for MVSI is to ensure the
highly sinusoidal output voltage and output current. The
requirements for the shape of output voltage are particularly
important for the converters operating as a power supply for
own electric network [9, 10].

The sinusoidality of output voltage in multilevel in-
verters is typically assessed based on the total harmonic
distortion (THD), which is an integrated indicator of the
sinusoidality determining the rms content of the higher
harmonics [11, 12]:
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where Uj is the rms of the first harmonic; Uy, is rms of the
h-th harmonic.



Fig. 1. Scheme of a cascade multilevel inverter

The THD parameter reflects the percentage of the
higher harmonics relative to the first harmonic’s voltage
signal. In turn, the higher harmonics cause a series of
negative effects in the power supply systems and various
loads, which include the faster aging of insulation, elec-
tromagnetic interference with communication systems,
as well as additional power losses in the active resistance
of power supply systems and windings of induction
motors [13].

According to [13, 14], the dependence of the relative val-
ue of additional power losses on the value of total harmonic
distortion is shown in Fig. 2, in which 100 % denotes the loss
caused by the principal harmonic or, for a DC network, the
constant component of current.
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Fig. 2. Dependence of the value of relative additional power
losses in the active resistance of power systems on
the total harmonic distortion in the network current

In addition to physical phenomena related to an in-
crease in the additional losses of power in active resis-
tance, the higher harmonics of supply voltage in electrical
networks must be destroyed to the levels specified by
the international standards IEEE-519, IEC 61000-3-2,
[EC 61000-4-3.

2. Literature review and problem statement

The parametrs of the sinusoidality output voltage directly
depend on the type of modulation. There are many different
modulation algorithms to form the output voltage in multilev-
el inverters. The most common ones are the sinusoidal PWM,
level-shifted PWM, level-phase-shifted PWM, space-vector
PWM, amplitude modulation, etc. At the same time, all these
algorithms predetermine different values for the sinusoidality
output voltage and current, as well as varying components of
power losses in an inverter. This is because the higher voltage
harmonics cause the presence of the higher current harmon-
ics, predetermining additional power losses in power lines and
load [15]. Among the described algorithms, the best indicators
of the sinusoidal output voltage are demonstrated by algo-
rithms built on the basis of amplitude modulation. However,
even under the mode of amplitude modulation, an MVSI can
demonstrate quite different indicators of the sinusoidal output
voltage (Fig. 3) [16, 17].

Various studies have been conducted to improve the har-
monic structure in multilevel inverters. Paper [18] reports
the results of studying a genetic algorithm for optimizing
the output voltage of multilevel inverters. However, the
disadvantage of the cited paper is the lack of full numerical
data and a comparison of the sinusoidal shape of the output
voltage in multilevel inverters before and after optimization
by the genetic algorithm.

Work [19] describes a study of the method for the output
voltage shape optimization in two-level voltage inverters.
The disadvantage of the cited work is the lack of a descrip-
tion of the algorithm for optimizing a voltage shape; only the
resulting shape is given. In addition, at a nine-level shape
of the output voltage in a cascade inverter, the authors ob-
tained THD _U,,,,=9.46 %.

Article [20] reports a study aimed at optimizing the
shape of the output voltage in a cascaded multilevel inverter
at different levels of supply voltage to each cell. The down-
side is that there are no numerical data in full.
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Fig. 3. Possible shapes of output voltage in
a five-level inverter:  — a THD shape of 28.95 %);
b — a THD shape of 16.38 %

Paper [21] describes a method for optimizing the shape
of output voltage in multilevel cascaded inverters. The
method is based on the following approach. The duration
of each stage in the shape of output voltage is set constant
while the voltage degree amplitude is regulated. Howev-
er, the disadvantage of a given method is that it requires
additional control over voltage levels in each cell, that is,
additional DC-DC converters are needed, which consider-
ably increases the cost of the system. It is much simpler and
cheaper, in order to optimize the shape, to regulate the time
of enabling the levels rather than the magnitude of voltage
stages [22, 23].

Thus, the above survey allows us to argue that the exist-
ing modulation algorithms in the control systems of multi-
level inverters do not provide an optimum of the sinusoidal
output voltage for the THD parameter. This circumstance
necessitates the task of constructing a modulation algo-
rithm that would implement the output voltage shape in
multilevel inverters with a minimum THD parameter under
the condition of the same number of voltage levels.

3. The aim and objectives of the study

The aim of this study is to improve the harmonic compo-
sition of output voltage in a multilevel inverter at maximum
possible sinusoidality (minimal THD).

To accomplish the aim, the following tasks have been set:

—to construct and study the proposed algorithm of
modulation, which ensures the shape of output voltage in
multilevel voltage inverters with minimum THD;

—to define analytical expressions for calculating the
time of switching stages in forming the optimal shape of
output voltage;

— to investigate the THD of output voltage in multilevel
voltage inverters with the proposed modulation algorithm
through simulation in the MATLAB/Simulink.

4. The proposed modulation algorithm for
the formation of an optimum of
the sinusoidal staged output voltage in
a multilevel inverter

The principle of forming an optimum sinusoidal staged
output voltage in a multilevel inverter can be derived
through the amplitude discretization of a bipolar sinusoidal
signal [24, 25].

The effect of amplitude discretization implies the am-
plitude quantization of a sinusoidal signal into a stepped
from [26, 27]. The output data are computed using the
rounding method to the nearest value, created by an out-
put signal, symmetrically relative to zero [28, 29]:

y=q~round(A'q““ ), 2)

where y is the output discrete signal; Ag, is the input sinu-
soidal signal of amplitude Ay, ,; ¢ is the amplitude quanti-
zation parameter, g=1.

In this case, each level switch is determined when the
sine crosses the amplitudes of 0.5; —0.5; 1.5; —1.5; 2.5;
-2.5, etc.

The number of quantization stages is predetermined
by the physical number of possible stages in the forma-
tion of output voltage in a multilevel inverter. The shape
optimization is achieved by defining the amplitude Agj,
value, at which the rms content of the higher harmonics
is minimal [17].

An example of such a discretization in the formation
of the seven-level output voltage is shown in Fig. 4. In
this case, to form the five levels of output voltage shape,
the sinus amplitude should be in the range from 2.5
to 3.5 [30, 31].

The concept of acquiring an optimal shape of the lev-
el-discrete voltage comes down to minimizing and balancing
the area of higher harmonics relative to a one- fourth period
of the output voltage shape [32, 33].

Thus, a given problem is reduced to the requirement for
the equality of areas:

51252+53' 3)

The areas Sy, Ss, S3, shown in Fig. 3, are determined from
expressions [34, 35]:
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Thus, the maximum sinusoidality (minimal
THD) is achieved at a value for the level dis-

cretization by setting a sinusoidal signal of the

following amplitude:

N, -1

sin.m

=—t—+0.25, 9
= ©)

where N; is the number of levels (stages) in the

shape of output voltage in a multilevel inverter.

5. Analytical expressions to determine
the timing of switching the levels to form
an optimal shape of output voltage

The timing for switching the levels in order
to form an optimal shape of output voltage

for implementing a microprocessor control sys-

tem [38, 39] is determined from expression:

arcsin i
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ti = 360 'T;Juul’ (10)
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Fig. 4. The amplitude-level discretization for the formation of seven-level

output voltage

S, = f(Am sin(wt) - A,)-dg; (4)
S, = j (A, - A, -sin(wt))-dt; 3)
S, = j‘(Ax - A,, -sin(wt))-dt, (6)

i3

where A; is the constant, the amplitude of the maximum
stage (level) of a quasi-sinusoidal shape at discretization,
in Fig. 4 A;=3; A, is the amplitude of a sinusoidal mod-
ulated signal.

Substituting the areas in expression (2), we obtain:

T(Asin sin(wt) - As)-dr =
Ja-a

sin

~sin(wt))~dt+

21

+T(AS - A, -sin(wt))-dt. (7)

i3

A feature of resolving this task is that equality is solved at
the following value for the amplitude of a sinusoidal modulat-
ed signal for any number of degrees of output voltage [36, 37]:

where i is the sequential number of switching in
a quarter of the output voltage period; Ty is
the frequency of output voltage; 0.5 is the first
stage of switching.

Other moments of switching are formed symmetrically
with respect to a one-fourth period of the stage voltage [40, 41].

For the nine-level shape of output voltage, the switching
time at the first one-fourth of the period, taking into consid-
eration an optimum value for the amplitude of a sinusoidal
modulated signal Ay, ,,=4.25, equals:

, (i—O.S)
arcsin 425
== T

i 360 L vour -

0.018 #£,s

11
For the nine-level shape, the switching times are
T1=3.75410"s, T)=1.148-103 s,

13=2.002-103s, T;=3.08-1073 s.

6. Simulation of cascade multilevel inverters with
the proposed modulation algorithm

To confirm our theoretical study, the MATLAB/Sim-
ulink programming environment was employed to build the
models of cascade multilevel inverters, which form 5, 7, 9,
and 11 stages in the shape of output voltage (Fig. 5).

The spectrum of the higher harmonics of the output
voltage in a multilevel inverter at the suggested modulation
algorithm is shown in Fig. 6.

The dependences of THD and RMS shapes of the output
voltage in multilevel inverters on a value of the modulated
signal Ay, amplitude are given in Table 1.
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tively used to regulate the amplitude of the
output voltage.

The proposed algorithm could be used
for other topologies of multilevel voltage in-
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Connl

Conn2 Conn2|—1 Conn2

SV PWM SV_PWMI

SV_PWM2

Fig. 5. A model of the cascade multilevel inverter that forms five stages of

output voltage

MVSIL
The proposed algorithm for optimizing the
shape of output voltage can be implemented for
any topology of single-phase multilevel voltage
inverters.

Table 1
Signal mag.
3000 ; Dependences of THD and RMS of the shape of the output voltage
1500 J—l S |_L in multilevel inverters on a value of the modulated signal A,
-1500 i
-3000 i
5 oL D0E T o ‘ 5 levels 4 7 levels ‘ 9 levels 11 levels in
Time (s) in voltage in voltage in voltage voltage
FFT analySiS Ui‘lﬂS‘V (]Tm&‘r UmSY U?TVISV
300 Fundamental (50 Hz) = 3285, THD = 16.37 % Aginm| THD KV Asinm| THD KV Aginm| THD KV Aginm| THD KV
=) 1.5 131.21092|2.50|17.71|1.65| 3.50 [12.41]2.37| 4.50 | 9.57 | 3.09
=
2% 16 | 285121 2.6 [17.37[1.89] 3.6 [1245]2.59] 4.6 [9.663.28
EISO || 1.7 |1 242 [1.32| 2.7 |15.62|1.99| 3.7 [11.47[2.69| 4.7 [9.04|3.38
s 1.8 [ 21.1|1.39| 2.8 [14.12(2.07| 3.8 |10.59|2.76| 4.8 |8.45|3.46
R
§75 = 1.9 | 189 |1.44| 2.9 13 [2.13| 3.9 [9.88(2.82] 4.9 |7.94|3.52
= ‘ .|| ) ||.| nm 2 (176149 3 [1224(218| 4 |9.37|288| 5 |7.57]3.58
= 1500 3000 4500 6000 2.1 [ 168 |1.52| 3.1 [11.73(2.22] 4.1 |9.05(|2.92| 5.1 |7.34(3.63
Frequency (Hz)
o 22 (164 |1.55] 3.2 [11.53(2.26| 4.2 | 888 1297| 5.2 [7.25]|3.66
Sianal 2.25(16.37|1.56 | 3.25 [ 11.49 (2.27| 4.25 | 8.88 |2.99| 5.25|7.25 | 3.69
4000/ ""a_g'J - 23 1645/ 1.58] 33 [11.56[2.29] 43 892 [3.01] 53 [7.27]3.72
2000J_, 24 1167 |1.60| 3.4 | 11.7 [2.32| 4.4 |9.08 |3.04| 5.4 |7.43|3.75
oon jjjj'j""""'jjj‘l; T ’_|J 249 [ 17.1 [1.62[3.49] 12.1 [235] 449 | 9.33 [3.07[5.49 [ 7.65[3.79
-4000 -
002 0.025 0.03 0.035  0.04 U kv
Time (s) out>
FFT analysis 4 :
Fund 1(50 Hz) = 4802, THD = 11.49 % ?
250F T : » T ;
gzoo 37
E 3
2150 :
2 }
5100 21 :
s 3
@ 50 ?
= |
0 1 :
0 1500 3000 4500 6000 ;
Frequency (Hz)
b 0
0 1 2 3 4 5 4

Fig. 6. A spectrum of the higher harmonics of the output
voltage in a multi-level inverter at the proposed modulation
algorithm: @ — for five-stage voltage;

b — for seven-stage voltage

Table 1 shows that an optimum shape of the output
voltage in a multilevel inverter is achieved at the modula-
tion amplitude Ay, from expression (8). In addition, one
can see that by adjusting the amplitude of the modulated
sinusoidal signal Ag, ,, it becomes possible to rather effec-
tively regulate the output voltage magnitude in a multilevel
inverter.

The dependence of rms value of output voltage on the
amplitude of the sinusoidal modulated signal Ag,,, in an
eleven-level voltage shape is shown in Fig. 7.

Fig. 7. Dependence of the rms value of output voltage on
the amplitude of the sinusoidal modulated signal Ay, in an
eleven-level voltage shape

7. Discussion of results of studying the method for
forming an optimum of the sinusoidal stage output
voltage

This paper reports our study of the proposed modulation
algorithm, which ensures forming a shape of the output
voltage in multilevel voltage inverters at the lowest possible
THD indicator. The proposed algorithm is based on the am-
plitude-level modulation at the assigned level of a sinusoidal



modulated signal. The obtained results are explained by the
fact that we achieved the minimization of an rms value for
the signal of higher harmonics, which in turn is achieved
by balancing and minimizing the signal noise area under
condition §1=S5+53. The special feature of a given method
for forming the shaping of output voltage is that the duration
of each stage is different. Thus, the spectrum of the higher
harmonics of such a shape of the output voltage would have
its own peculiarities regarding a spatial-vector PWM when
the duration of each stage is the same.

The reported analytical expressions make it possible
to determine the time to switch the levels in order to form
the optimal shape of output voltage. The formulae take into
consideration the number of output voltage levels and the
required output frequency. The resulting formulae are useful
for implementing a microprocessor control system for multi-
level inverters.

The proposed theoretical provisions for minimizing the
THD of output voltage in multi-level inverters when ap-
plying the proposed modulation algorithm were confirmed
by simulation in the MATLAB/Simulink programming
environment. The proposed algorithm, when compared with
known algorithms, makes it possible to obtain the improved
indicators of the THD shape of output voltage; for example,
in comparison with work [19], which reported a method for
improving the shape of output voltage in semiconductor volt-
age inverters. In the cited work, a 9-level shape of the output
voltage in a cascade inverter yielded THD U,,;=9.46 %. In
comparison, the algorithm proposed in this paper makes it
possible to obtain, at the same number of levels of the output
voltage, THD U,,,=8.88 %.

The limitation and disadvantage of our study are that
the proposed method is used provided that the amplitudes
of each voltage level are the same. That is, when each cell is
powered by different levels of voltage, the proposed method
could not provide for an optimum shape.

Further research will be aimed at constructing a method
for optimizing the shape of output voltage in multilevel in-
verters at different power amplitudes for individual bridges.
In addition, it is necessary to further study the features in
the spectrum of higher harmonics, as well as a possibility

to apply a given algorithm for other topologies of multilevel
inverters.

8. Conclusions

1. We have proposed, for multi-level voltage inverters,
a modulation algorithm, which makes it possible to rather
simply implement the minimum mode of the content of the
higher harmonics of output voltage in forming the output
voltage at any number of levels. The proposed algorithm is
based on the amplitude-level modulation at a predetermined
level of the sinusoidal modulated signal.

2. Mathematical expressions have been given that
make it possible to determine the time to switch the tran-
sistors in order to form an optimal shape of output voltage.
Their use could greatly simplify the microprocessor imple-
mentation of the proposed algorithm. The mathematical
expressions are based on the arcsine functions, which
make it possible to determine at what point of time a mod-
ulating sinusoidal function at the desired amplitude reach-
es the specified thresholds of switching 0.5, 1.5, 2.5, ...
The difference between the suggested mathematical ex-
pressions and existing expressions for calculating the
time of switching in a space-vector PWM for multi-level
inverters [42—44] is that the existing expressions require
a preliminary spatial-vector transformation of the abc
coordinates to aB, and are then built on the ratio of two
sinusoidal functions and, thus, are more complex and re-
quire more CPU resources.

3. The MATLAB/Simulink software was employed
to simulate the operation of five-, seven-, nine-, and elev-
en-level inverters when implementing the proposed mod-
ulation algorithm. The obtained simulation results have
confirmed the implementation of a minimum total harmon-
ic distortion in the shape of output voltage in multi-level
inverters. When implementing the proposed algorithm of
modulation, five levels in the shape of output voltage in a
multilevel inverter form THD=16.37 %; seven levels form
THD=11.49 %; nine levels form THD=8.88 %; eleven levels
form THD=7.25 %.
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