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The paper presents comparative analysis of three versions of the modified scheme of space-vector-based synchronous
pulsewidth modulation (PWM), applied for control of three two-level inverters of transformer-based photovoltaic (PV)
system, and focused on providing of the symmetry of winding voltage of power transformer during the whole adjustment
range. Power supply of inverters is providing by the corresponding three solar strings consisting of a set of PV panels,
and the outputs of three inverters are connected specifically with inverter-side windings of multi-winding grid-tired
transformer. Results of MATLAB-simulation prove the fact of advanced spectral composition of the winding voltage of
triple-inverter-based PV installation regulated by algorithms of synchronous space-vector PWM, assuring potential re-
duction of losses in these systems. References 10, table 1, figures 9.
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Introduction. Photovoltaic apparatuses are popular installations between different kinds of renew-
able electrical energy systems. There are both transformer-less and transformer-based configurations of
photovoltaic systems [1 — 5]. Also, there are multiple configurations and topologies of ac modules of PV sys-
tems, based mainly on voltage source inverters (two-level three-phase inverters, neutral-point-clamped in-
verters, multilevel inverters, cascaded inverters, module inverters, etc.) [1 — 3], [5].

Effectiveness of operation of inverter-based power conversion systems, including PV installations, is
in big dependence on control and modulation methods and techniques used for regulation of inverters. There-
fore, the development and modification of control and modulation schemes for inverters of variable speed
drives [6, 7], and for ac voltage stabilizers and regulators [8] has been executed. Also, modified algorithms
of synchronous space-vector-based PWM have been applied for adjustment of two-inverter-based topologies
of transformer-based photovoltaic
systems [9, 10], assuring continuous
synchronization and symmetry of
the winding voltage at inverter-side
windings of power transformer.

In this regard, the purpose
of this work is in dissemination of
the phase-shifted control scheme
and modified algorithms  of
synchronous PWM for regulation of 5
triple inverters of new structure of
PV system, and also in comparative
analysis of  effectiveness  of PV Generator
application of three basic versions
of synchronous PWM for inverters
of this system topology.

Topology of three-inverter-
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based PV system. Recently, three-inverter-based photovoltaic installation with specific interconnection be-
tween outputs of modulated inverters and windings of power transformer has been described (Fig. 1 [5]).

Therefore, this topology of PV system assures the increase of the maximum voltage applied to the
multi-winding transformer (in comparison with two-inverter-based PV systems), reducing its weight and
volume [5].

Basic control functions of PV system with three modulated inverters. Based on the developed
schemes and techniques of synchronous space-vector PWM [9, 10], and features of the presented in Fig. 1
photovoltaic installation [5], Table presents set of the corresponding control functions for the presented to-
pology of PV system assuring synchronous and symmetrical adjustment of winding voltage of multi-winding
power transformer during entire control diapason of PV installation. In this Table F is operation frequency of
the electrical grid (usually F' = 50 Hz with some small fluctuations), m is index of modulation of inverters,
Vit Vi, Vis, Var Vaa, Vas Vi, Via, and Vs are the pole voltages of three inverters. Fig. 2 shows (within a 60-
degree clock interval) switching state sequence (control pulses) of a three-phase inverter, as well as the
curves of the polar (V, V) and line (V,,) voltages of inverter adjusted by algorithms of continuous
synchronous PWM [9].

Switching frequency Fj Parameters of control signals and of Instantaneous values of winding

Switching sub-cycle t the output voltage of inverters (Fig. 2) voltages V;, V>, and V; of system
Espwmcy = F(6n=3) B = l.lmz Vi=Vii-Viz-Vsr+ Vs

tpwmc =1/2F; =1/[6F(2n—1)] B, = Pycos[(j-1)r]
Espwmpy = F (81 =3) Vy=Vo-Vas-Vip+ Vi3
7 =Bn-j+110.8-0.5tan[(n - j)r]}

T =1/[6F(2n-1.5 Joomnml

pwmp = 1/[6F( )] Vi=Vsi-Viz- Voot Vo

where n=2,3,4.... Ap=1=(B;+ P12

Operation of PV installation with three

é’z&' noon A voltage source inverters. In accordance with the

%’ 12 g & 8, M B[4 B % B E used control and modulation strategy, control sig-

30 30° 60° nals of three two-level inverters are shifted by 120°,

and additional mutual phase shift between control

v, J \_j ﬂ_ﬂ pulse signals of three inverters is equal to 1/3 of the
width of switching sub-cycle.

Fig. 3 — Fig. 8 present results of MATLAB-

Vi HJ ,_u [—J L simulation of PV installation controlled by algo-

rithms of synchronous space-vector PWM, and

show, in the relative scale, pole voltages V;;, Vi,
vabm M and V;; of the first inverter, line voltages of the first
r and the second inverters (V;; — V;3) and (V5 — Vo),

and winding voltage ¥, of multi-winding power
transformer. It presents also spectral composition of
the line (V,; — V>;) voltage, and of the winding volt-
age V,. The fundamental frequency of the output
voltage of inverters is equal to F' = 50 Hz, and the
averaged switching frequency of inverters is equal to Fy = 1120 Hz in these cases.

Fig. 3 shows basic voltage waveforms and spectra of the line and winding voltages of PV system
with inverters controlled by the scheme of continuous synchronous PWM (CPWM), coefficient of modula-
tion of inverters is equal to m = 0.6. Fig. 4 presents the corresponding diagrams for PV system with inverters
controlled by algorithms of discontinuous modulation with the 30-degrees non-switching intervals
(DPWM30). Fig. 5 shows the corresponding diagrams for PV installation with three inverters regulated by
techniques of discontinuous PWM with the 60-degrees non-switching intervals (DPWMG60).

Fig. 2
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Fig. 6 — Fig. 8 present the corresponding diagrams for PV system with triple inverters operating in
the overmodulation control zone (Fig. 6 — CPWM control of inverters, Fig. 7 — DPWM30 control of invert-
ers, Fig. 8§ - DPWMG60 control of inverters), index of modulation of inverters is equal to m=0.95 in this case.

The presented simulation results show, that basic voltage waveforms of PV system have quarter-
wave symmetry and are characterized by the lacking in its spectra of even harmonics and sub-harmonics.
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Total Harmonic Distortion factor of the winding voltage of transformer-based PV system. Total
Harmonic Distortion (THD) factor is an important parameter for analysis and comparison of integral spectral
composition of the winding voltage V', of the analyzed PV system with average switching frequency of in-
verters equal to /720 Hz, determined (and presented in Fig. 9, a, b) in this case for two values of the maxi-
mum number of calculated harmonics (k-th harmonics) — k=40 (Fig. 9, a), and k=100 (Fig. 9, b):
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40 100
THD=(1/V, )| X V5, (Fig. 9, a); THD=(1/V; )| ¥ V5, (Fig. 9, b).
k=2 k=2

The presented diagrams show a big dependence of the value of the THD factor on number of voltage
harmonics, taking into account during determining THD. But for the both cases of determining of the THD
factor, presented in Fig. 9,a (k=40) and in Fig. 9,b (k=100), better values of THD factor can be provided by
the using of algorithms of discontinuous PWM (DPWM30 and DPWMG60) for control of triple inverters of
PV installation. In any case, the use of algorithms of synchronous space-vector PWM insure improved har-
monic composition of winding voltage, providing the corresponding reduction of power losses of power
transformer of this structure of PV apparatuses.
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Conclusion. Schemes, techniques, and algorithms of symmetrical space-vector-based PWM can be
disseminated successfully for regulation of three two-level inverters of transformer-based grid-tied PV sys-
tem with specific connection of windings of power transformer with outputs of triple inverters, insuring
symmetry of the line-to-line and winding voltages for any control modes of PV installation, including its ad-
justment during overmodulation control zone.

The presented in Figs. 3 - 8 spectral composition of the line-to-line and winding voltages of PV sys-
tem with three PWM inverters, adjusted by algorithms of synchronous space-vector-based modulation, un-
derlines the fact of lacking of even-order harmonics and sub-harmonics (of the fundamental frequency) in
spectra of the winding voltage of power transformer of PV system.

Improved spectral composition of the winding voltage of the analyzed configuration of PV installa-
tion assures to decrease copper losses in the inverter-side windings of multi-winding power transformer.
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ITOB'AA3AHA 3 MEPEXEIO ®OTOIIEPETBOPIOBAJIBHA CUCTEMA 3 TPbOMA IHBEPTOPAMMU,
IO PET'YJIIOIOTHCA HA BA3I CXEMHW CUHXPOHHOI IIIUM
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Ilpedcmasneno nopisHAIbHUL AHANI3 MPLOX BAPIAHMIE MOOUDIKOBAHOI cXeMu NPOCMOPOBO BeKMOPHOI CUHXPOHHOT Wilt-
pomuo-imnyavcuoi mooyaayii (LLIIM), wo 3acmoco8yemvbcs 34015 Kepy8aHHA MPbOMd OB0PIGHe8UMU [HEepmopamu
mpancgopmamopnoi homoenexmpuunoi (PE) cucmemu ma opicnmosaniii na 3a0e3nevenHs CUMempuyHOCmi Hanpyau
06MOMKU CUNOB020 Mpanchopmamopa 6 ycbomy Oianazoni peeynoeanns. Kuenenns ineepmopis sabesneuyemocs 6io-
NOBIOHUMU MPbLOMA COHAUHUMU JIAHYIO2AMU, WO CKIAOAIOMbCSL 3 KOMNIEKMY (hOMOeLeKMpPUYHUX nanenel, a Uxoou in-
8epmopis 3'cOnani cneyianbHo 3 0bmomramu 3 60Ky iHeepmopa 6azamooOMOMKOBO20 MEPEAHCE8020 MPAHCHOpMamopa.
Peszynomamu MATLAB-modentosanus 00600sme (hakm po3suuperHo20 CReKmpaibHo20 CKIAdy Hanpyeu 0OMOMKU mpu-
iH6epmopHOI homoereKmpuuHoi YCmaHosKu, Wo pecyiioemobes aNOPUMMAamMU CUHXPOHHO20 NPOCIOPOBO-8EKMOPHOZO
LIIM, wo 3abe3neuye nomenyiline 3uudceHus empam y yux cucmemax. biom. 10, puc. 9, tadm. 1.

Knrouosi cnosa: iaBepTOp IHKEpENa HAPYTH, POTOCTCKTPHUIHA YCTAHOBKA, CTPATETIsT YIIPABIIHHS Ta MOAYJIALIT,
CIEKTp HANpyTH.
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