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Abstract—Photovoltaic power systems are quite common in modern consumer power systems. Alongside the power
sources, converters for photovoltaic energy systems made their own evolution path that was defined by two main require-
ments that have to be fulfilled: maximization of the power source usage and provision of the output voltage THD ratio on
the levels defined by international standards. In modern power systems z-/quasi-z- source inverters are commonly used due
to their ability to maintain system operation in maximum power point of the solar panel without the implementation of
the additional devices. THD ratios of these topologies exceed the limits defined by international standards therefore they
have to be reduced. This article is devoted to determination, comparison, and discussion of THD reduction methods for
the PV power system’s inverters. In the practical part of the article three inverter topologies, quasi-z-source, three-level
cascaded quasi-z-source and three-level cascaded inverter in which output cell’s voltages are defined by the desirable output
voltage decomposition result achieved by the orthogonal transformation were developed and simulated in Simulink model-
ing environment as the models that represent different approaches on THD ratio reduction. As a result of simulation output
voltages waveform, their spectra, and THD ratio for each model were obtained. According to them, three-level cascaded
z-source inverter which output cell’s voltages are defined by the desirable output voltage decomposition results achieved by
the orthogonal transformation could provide the lowest THD ratio among considered devices. In conclusion to the study
based on the advantages and drawbacks of each THD reduction method, outlined in the discussion section, the combination
of cascaded multilevel topology implementation with size-reduced passive output filter was chosen as a solution that will
simultaneously allow to achieve proper values of THD ratio, reduce the size of an output filter and avoid excessive sophisti-
cation of inverter’s control system. As potentially perspective fields of research were defined modernization of control algo-
rithms, stabilization of the multilevel inverters cell’s output voltage of and further research of the methods that are based
on the mathematical determination of the cell’s output voltage and their implementation possibility in cascaded multilevel
z-/quasi-z-topologies. This could result in their wider implementation and popularization in future converter devices that
might lead to the future complete elimination of the passive filters from the upcoming schematics due to the lack of
the additional output voltage filtering necessity.
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. INTRODUCTION the solar panel and ability to increase the output voltage
Ph ltai . . of the solar panel in the undesired weather conditions
otovolfaic power sources are quite common in (such as low solar radiation level)[4][5][6][7]. These

mO(}em r;newakéle power §}l/1sterﬁ1s. They are fused Seg?' requirements could be fulfilled either through the addition
rately or in combmnation with other sources of renewable ¢ supplementary boost converter in the input circuit

energy. .They generate DC Yoltage that has to be trans- ¢, standard full bridge inverter, as it was conducted in
formed into AC voltage that is typ1ca1 for most consumer o dy “Evaluation of the main MPPT techniques for
power networks. To solve thls. task every renewable photovoltaic applications” [8], or implementation of the
power system that has photovoltaic energy source gnd fed  cource /quasi-z-source inverter topology that was pro-
its output voltage to the consumer power r}etwork include posed by F.Z Peng in his fundamental study “Z-source
inverter as a DC/AC voltage converter (Fig.1) [1][2][3]. inverter” (Fig.2) [9]. The latter development solution
According to the numerous studies, the main goa] of resolves this task without inclusion of additional power
the Voltage inverter for the photovoltaic System is an switch that leads to noise and power loss reduction mak-
increase of efficiency and reduction of output voltage’s  ing it preferable design strategy.
THD ratio to achieve maximum power source utilization
via reduction of both transforrpation and ﬁlt.ering losses Solarpannels —>|  Inverter | ——~] Consumer
of the input energy. The evolution of voltage inverters for power network
photovoltaic energy systems outlined two main require-
ments to the inverters that could significantly increase
source utilization: possibility to provide the operation of
the inverter _in_the maximum power point (MPP) of

Fig. 1 Typical photovoltaic power system structure

—G)
@ EY Copyright (¢) 2020 @enin 1. C., Tepemenko T. O., SImuaenxo 1O. C.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20535/2523-4455.mea.207543
https://orcid.org/0000-0003-0264-5067
https://orcid.org/0000-0003-4009-2854
https://orcid.org/0000-0002-9796-6420
https://ror.org/00syn5v21

ISSN 2523-4447. MicrosystElectronAcoust, 2020, vol. 25, no. 2 19

L1

YY)

DC source

Fig. 2 Quasi-z-source inverter topology

This advantage is provided by both implementation of
the unique input impedance circuit and power switch
operation state that is called the “shoot-trough” state.
The complete operation cycle of the z-source inverter
could be separated into three main periods that depend on
the power switches operation modes (Fig.3). In the first
period, switches are conducted in one of two possible
standard operation modes providing the input voltage to
the load. Simultaneously this voltage charges capacitors
of the impedance circuit.

During the following “shoot-through” state all of
the switches remain enabled that leads to energy trans-
mission from capacitors to the inductors of the impedance
circuit. Then the energy stored in the inductors during
the next standard operation mode added up to the energy
of the input power source due to the self-induction EMF
phenomena thus providing an increase of the inverter’s
output voltage [10][11][12][13][14].

Theory of z- and quasi-z-source inverter operation is
primarily the same, excepting capacitor and inductor cur-
rent flow direction in “shoot-through” state for quasi-
z-source topology that allows reduction of the capacitor’s
size and voltage parameters [11][12].

The main disadvantage of the considered operation
algorithm is that inclusion of the additional switching
mode that implies disconnection of the load results in
malformation of the output voltage waveform. This
results in output voltage THD ratio increase hence addi-
tional filtering losses. That develops the problem of
z-/quasi-z-source inverter THD ratio reduction.

Generally, approaches on this task could be divided
into two groups: topology improvements, or combined
methods that implies both topology and control systems
improvements. The most of topology approaches imple-
menting the idea of z-source and cascaded multilevel
topologies combination as the solution that allowed both
output voltage increase and THD ratio reduction.

Combined methods imply both topology and control
systems modernization methods to obtain THD ratio
reduction. Also, some of the combined approaches in-
clude methods of the advanced inverter design that are
based on output voltage spectra analysis.

This study is devoted to the practical analysis of
the different topology improvements approaches on
the problem of the z-source inverter THD ratio reduction,
comparison of the obtained results, and discussion on

the achieved results and the ways of further development
of the existing technologies.

II.  METHODS

To obtain the THD ratio of the z-source inverters that
demonstrate different approaches on the problem, opera-
tion of the basic single level z-source inverter, three-level
cascaded z-source inverter and three-level cascaded
z-source inverter in which output cell’s voltages are
defined by the desirable output voltage decomposition
results achieved by the orthogonal transformation were
simulated in Simulink environment. All of the models are
demonstrated in Fig.4 under abbreviations a), b) and c¢),
correspondingly.
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Fig. 3 Operation cycle of quasi-z-source inverter. a) standard operation
mode; b) “shoot-trough” operation mode; c) transmission of the stored
energy to the load. Solid line — source current flow; dashed line —
capacitors current flow; dotted line — inductors current flow
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Fig.4 Considered models of quasi-z-source inverters. a) quasi-z-source inverter; b) three-level cascaded quasi-z-source inverter; c) three-level
cascaded inverter in which output cell’s voltages is defined by the desirable output voltage decomposition results achieved by orthogonal

transformation

Quasi-z-source voltage inverter model was designed
to transform an input DC source voltage with an ampli-
tude of 12 volts into AC voltage with an amplitude of
20 volts and frequency of 50 Hz for proper demonstration
of the z-source’s features. Inverter’s schematic consists of
the conventional full-bridge inverter, DC voltage source,
10 Ohms of resistive load, and impedance circuit that con-
sists of two capacitors and inductors. Parameters of
the impedance circuit were calculated according to
the equations that were defined in the study “Z-source
inverter”[9].

Three-level cascaded quasi-z-source inverter’s model
consists of three regular quasi-z-source inverters that are
connected to the common resistive load in serial. Each of
the inverters, that in cascaded multilevel inverters are
named cells, is fed by a separate DC voltage source.

In this model, each cell is fed by a 12 volts DC source
and generates 20 volts of AC voltage on the output. All
of the cells output voltages sum up in the common load
to form pseudo-sinusoidal load voltage with an amplitude
of 60 volts and frequency equal 50 Hz.

The three-level cascaded inverter in which output
cell’s voltages are defined by the desirable output voltage
spectra achieved by orthogonal transformation has
the same circuitry as the standard three-level cascaded
inverter. The only difference is that the amplitude of each
cell is calculated according to the desired output voltage
waveform decomposition achieved by direct orthogonal
transformation.

The main idea of the method is that every sinusoidal
waveform could be described as an orthogonal transfor-
mation row. Thus, the process of the cascaded multilevel
inverter output voltage synthesis could be represented as
follows: each cell of the inverter implements one of
the reverse orthogonal transformation functions.
The value coefficients of functions correspond to the am-
plitude of the discretized desirable waveform [15], [16].
Therefore an algorithm of its calculation consists of five
following steps:

1)  Approximation of the desired output voltage
waveform by a normalized step function;

2)  Decomposition of the obtained function into
the orthogonal row on determined time period;

3)  Synthesis of the output obtained pseudo-sinus-
oidal waveform through the implementation of
the reverse orthogonal transition and determina-
tion of its THD ratio;

4)  Elimination of the negligible coefficients and
redetermination of the THD ratio;

5) Development of the cascaded multilevel
inverter design based on the achieved quasi-
sinusoidal waveform.

III. RESULTS

Obtained output voltage waveforms with correspond-
ing graphs of the output voltage spectra are shown in
Fig. 5, 6, and 7 respectively for quasi-z-source, three-
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level cascaded multilevel quasi-z-source and three-level
cascaded inverter in which output cell’s voltages are de-
fined by the desirable output voltage decomposition
achieved by orthogonal transformation. THD ratio values
of all obtained output voltages are collected and demon-
strated in Table 1.

As demonstrated by the THD ratio results shown in
table 1 none of the considered topologies is capable to
achieve 5 or less percent of an output signals THD ratio
which is required by the international standards applied
to the voltage quality of consumer power networks.
Therefore not a single one of them could be directly con-
nected to the consumer network without additional filter-
ing that is commonly provided by passive LC-filters.
However, the obtained reduction of the THD ratio led to
the possibility of weight and size reduction of an output
filter that could substantially reduce the overall size of the
converter. Also, lower values of THD ratio could be
reached by scaling the multilevel topologies through the
addition of extra modules hence extra levels of the output
voltage that will bring the output voltage waveform closer
to the ideal sinusoidal shape.

TABLE 1 THD RATIO VALUES OF CONSIDERED INVERTER
TOPOLOGIES FOR PHOTOVOLTAIC POWER SYSTEMS

A
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Fig. 6 Output voltage waveform and spectra of cascaded three-level
quasi-z-source inverter model

Name of topology THD ratio
Z-source inverter 29.19%
Three-level cascaded z-source | 19.69%
inverter
Three-level cascaded inverter in | 15.26%

which output cell’s voltages is
defined by the desirable output
voltage decomposition achieved
by orthogonal transformation
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Fig. 5 Output voltage waveform and spectra of quasi-z-source inverter
model
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Fig. 7 Output voltage waveform and spectra of the multilevel inverter in
which output cell’s voltage is defined by the desirable output voltage
decomposition results achieved by orthogonal transformation

IV. DiscussioN

Summing up obtained practical results and theoretical
considerations it could be outlined that thru the last dec-
ades of popularization and further development of solar
power systems as a branch of renewable power systems,
power inverters as its indispensable part made their own
evolution way from conventional full- and half-bridge
inverters to advanced topologies that could provide oper-
ation of the solar panels at their maximum power point
and reduce THD ratio of the output voltage waveform
without the addition of supplementary units. In present-
day inverter solutions, the task of the power take-off max-
imization is usually resolved thru the implementation of
z-source topologies. However, voltage increase feature of
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these topologies led to their main disadvantage — large
values of the output voltage THD ratio. This problem
could be solved either thru the application of the larger
output passive filters that will increase the overall size
and weight of the transforming device or implementation
of the schematic improvements, one of the most effective
of which is a combination of the quasi-z-source topology
with the cascaded multilevel topology. As the main
advantage of this solution could be named its ability to
scale by addition of the new modules which could allow
achieving the THD ratio of the output voltages on
the level that meets international regulation standards
without application of additional filtering solutions. All
of the modules that form the resulting device could be
unified and be built from the same components which
could reduce production costs of the device. One of
the main drawbacks that limit the use of the multilevel
topologies on the modern inverter solutions is rather
sophisticated control system that is getting more complex
with the addition of every next module. With the applica-
tion of z- or quasi-z-source topology as a base topology
of the cell unit, development of the proper control system
could become even more complicated task due to
the demand of a “shoot-through” state of power switches
addition in every cell of the general device. With
the implementation of microcontrollers, this task can be
sufficiently simplified in terms of a hardware issue but
the software development of such products still remains
fairly complex [17],[18],[19]. Inclusion of the desired
voltage waveform forming methods to a multilevel
inverter, in their turn, would add extra demands to
the output voltage stability of every inverter’s cell. Even
the slightest instability of their output voltages could lead
to significant changes in output voltage’s spectra and,
therefore, in THD ratio, making the implementation of
such solution quite useless. However, further develop-
ment of cascaded multilevel cell’s output voltage stabili-
zation methods and control techniques in the field of pho-
tovoltaic converters technologies may present the way of
overcoming these limitations, which makes the investiga-
tion of such methods and determination of their imple-
mentation ways towards cascaded-z-source multilevel
topologies a perspective direction in the field of
the inverters THD ratio reduction task resolution.

According to the provided discussion, it may seem
that the optimal solution for modern inverter devices in
solar power systems in terms of THD ratio reduction is
a combination of the multilevel topology with size-
reduced output passive filter. This solution is simultane-
ously able to reduce the size of the output filter, avoid
excessive sophistication of the control system, and
achieve the desired THD level. Researches in a field of
new control algorithms, that will simplify the software
development process for the control systems, and stabili-
zation of the cell’s output voltages methods could be
defined as a rather perspective way of the further solar
power systems inverters’ technology evolution that will
allow to completely exclude passive filters from
the inverter systems.
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Anomayia—BHKOPUCTAHHS COHSIYHHX NAHeJIeH HPOKO PO3NOBCIOIKEHE IPH MO0y 0B Cy4aCHUX KOPHCTYBALIbLKHUX CH-
creM esieKTpoxkuBieHHs. Ilopsa 3 Ge3nocepeaHiM PO3BUTKOM COHSIYHHX JKepes eJ1eKTPOKMBJICHHS! BJACHOTO eBOJIIONI-
HOT0 NLISIXY 3a3HAJH KOHBEPTOPH, 110 BXOAATH [0 CKJIAJy CHCTeM eJIeKTPOKHBJICHHS 3 COHTYHMMM NMaHe AMH. Y 0CHOBI ix
PO3BHUTKY IIOCTAJIa HeOOXiIHICTH Y OlHOYACHOMY 3a0e3NevyeHHi BUKOHAHHSI BUMOI 3 MakcuMizaunii Bigdéopy mory:kHocTi
COHSTYHMX NaHeJleli Ta 3a0e3neyeHHs piBHA koediuienTy Heinilinnx cnorBopens (KHC) BuXinHOi Hanpyru nepeTrsopoBaya
Ha piBHi, BU3HAYeHOMY Mi’KHAPOJHMM 3aKOHOJAaBCTBOM 100 IKOCTi HANPYTH KOPHUCTYBAIbKOI Mepe:ki. Y cy4yacHUX cHC-
TeMax eJIeKTPOKMBJIEHHS 3 BUKOPHCTAHHSIM COHSYHUX NMaHeJIeif IIMPOKOro 3aCTOCYBAHHS 3a3HAJIHU iHBePTOPH 3 Z- Ta KBa3i-
Z-TOIOJIOTISIMH 4Yepe3 MOK/IUBICTh 3a0e3MeueHHsl POOOTH CHCTEMH y TOYNi BiA0Opy MaKCHMAJILHOI HOTY:KHOCTi COHAYHOY
OaTapei 0e3 BUKOPUCTAHHSA 10JaTKOBHX nepeTBoproBayis. 3nadyennss KHC nanux nepersoproBadyiB nepeBulily€ NapaMeTpu
BH3HAYeHi MIZKHADOJAHUMHM CTAHJAPTAMM, II0 BH3HAYA€ aAKTYyaJIbHICTh 3a/a4i MOWIYKiB MeTOAIB i0oro 3Hu:keHHs. [aHa
CTATTS NPUCBAYEHA BU3HAYEHHIO, IOPiBHAHHIO Ta 00roBopenHio MetoaiB 3HM:kenHss KHC nus TonoJioriii inBepTopiB cuc-
TeM eJ1eKTPO:KMBJICHHS 3 COHTYHMMH NAHEJIAMHU. Y NPaKTHYHiii yacTUHI cTaTTi onMcaHi MojeJ1i iHBepTOpiB, CTBOPEHHX 32
KBa3i-Z, KACKAaJHOI 0araTopiBHeBOI0 KBa3i-Z-TOMNOJIOTi€I0 Ta KACKa/JHOI0 0AaraTOPiBHEBOK0 TOMOJIOTi€I0 3 BH3HAYEHHSIM
PiBHIB BHXiIHMX HANpyr KoMipok iHBepTOpa Ha 6a3i BU3HAYEHHS CIIEKTPY 0a’kaHOI BUXiHOI HANPYIH LLIAXOM 3aCTOCY-
BaHHA OPTOroHaIbHOro Ob-nepeTBopeHHs 3 METOI0 JeMOHCTPANil, NPAKTUYHOI ePeBiPKH Ta NOPiBHAHHA Pi3HUX NiAX0AIB
a0 BupimenHs 3aga4i 3MeHmedHss KHC cucrem e1eKTpo:kuBJICHHS 3 COHSTYHMMH NaHeassMH. B pesyabTaTi nposenenux
cuMyJIsANii 0yau orpuMaHi cnekTpu Ta 3HavyeHHss KHC Buxinnoi Hanpyru ko:kHoi 3 Mmojesieil. Buxoasiun 3 HUX, MeTOJ Ha
0a3i BU3HAYeHHS PiBHIB BHXiJHHX HANpyr KOMipok iHBepTopa Ha 0a3i BU3HAYCHHS CIIEKTPY 0a’kaHOI BUXIAHOI HANpyru
HLISIXOM OpTOroHajJbHOro Ob-nepeTBopenHs 103BOJIMB 0TPUMATH HallHUKYe, cepe/l J0CTiIKeHUX 3pa3KiB, 3HaueHHsa KHC
BuxigHoi Hanpyru. Ha ocHoBi nmepeBar Ta HenoJiikiB ko:kHoro 3 Meronis 3HmkeHHss KHC, Bu3HaueHux y po3aiii o6roso-
PeHHsl, 32CTOCYBAHHS KACKaHOI 0araTopiBHeBOI TOMOJIOTII y MO€IHAHHI 31 3MeHIIIeHMM 32 ralapuTHUMH pPo3MipaMu Nacu-
BHHUM (QiIbTPOM BH3HAYEHO METOAO0M, 110 POOUTH MOKJIUBUM OJHOYACHE TOCATHEHHS] HEO0OXiTHOr0 3HAYeHHs KoedilieHTy
HeJIiHIIHUX CIIOTBOPEHb, 3MeHIIeHHS PO3MipiB BUXiIHOro (PlILTPY Ta BiACYTHICTh 10AATKOBOI0 YCK/IaAHEHHs Oy/0BH CHC-
TeM KepyBaHHs. [lepcneKTHBHUM HANMPSIMKOM MOAAJIBIIOr0 POo3BHTKY TeMaTukH 3HzkeHHss KHC Buxinnoi manpyrm cuc-
TeM eJICKTPOKMBJICHHS 3 COHTYHMMU NaHeJsIMH BU3HAYEHO N0C/IilzkeHHs B cepi MoaepHizanii cucreM kepyBaHHs, cTa0i-
Jizanii BUXiAHOT HANPyru KOMipok 6araTopiBHeBUX iHBePTOPIB Ta NOLIYKY i IPAKTUYHOI NepeBipKH MIAXIB 32CTOCYBAHHS
MeTO/y BUSHAYEHHS PiBHIB BUXiIHMX HANPYT KOMipoK iHBepTOpa Ha §a3i BU3HAYEHHS CNEKTPY 0a:KaHOI BUXiIHOT HANPYTH
IJISIXOM OPTOroHa/IbHOTo OB-nepeTBOpeHHs1 10 TOMOJIOTII KACKAaIHOI0 0araTopiBHEeBOro KBa3i-z-iHBepTopa. Jlana mosk/iu-
BicTh MO:Ke MPUBECTH 10 i{Oro momyJaspu3auii npu po3poodui HOBUX NEePEeTBOPIOBAYiB, 1110, B CBOI0 Yepry, Mo:Ke NPU3BeCTH
110 IOBHOI BiIMOBH Bijl 3acToCyBaHHA NacUBHUX (iabTpiB B pe3yabTaTi BigcyTHOCTI HeoOXigHOCTI y 1oAaTKOBii dinbTpanii
BHXiTHOI HANIPYTH.

Knrouosi cnosa — ineepmopu 3 imnedancuum 1aHUI020M Y 6XiOHOMY KOi; CUCHEMU elIeKIMPOHCUBTIEHHA 3 6IOHO61I06A/1b-
HUMU O0Xcepenamu; KACKAoHi 6azamopienesi ineepmopu; Koegiyicnm HeninilinuxX cROmMeopeHs; AKiCMmb 6uxionol nanpyzu.
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