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Algorithms of synchronous one-stage modulation have been modified and disseminated for adjustment of two two-level
inverters of transformer-based photovoltaic installation with specific double-delta configuration of inverter-side wind-
ings of power transformer. Modified algorithms of synchronous space-vector modulation, applied for control of invert-
ers of PV system with specialized connection of windings of power transformer, assure improved spectral composition
of winding voltages of transformer, characterized by the lacking in its spectra of even harmonics and undesirable sub-
harmonics for any control modes and regimes of operation of system. References 9, figures 6, table 1.
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Introduction. Solar-energy-based photovoltaic (PV) renewable energy systems are ones of the most
rapidly growing directions of research, implementation, and application between renewable sources of elec-
trical energy. Effects of researchers are
concentrated nowadays at both development
of perspective structures and topologies of
PV systems, and on investigation of control i
and modulation strategies of power
electronic converters of PV installations [1-
5]. Fig. 1 presents one of perspective .
configuration of transformer-based PV 2,
system consisting from two three-phase
(standard) voltage source inverters VSI1 and
VSI2, outputs of which are connected to the
corresponding six windings of power
double-delta transformer (PDDT) [6]. Fig. 1
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Basic control dependences of PV installation with two PWM inverters. Based on the develop-
ment of the methodology of synchronous space-vector modulation [7-9], and properties of PV system with
PDDT [6], Table presents set of modified control dependences for the presented PV installation allowing
synchronous and symmetrical regulation of winding voltages during adjustment of PV system, including

Switching frequency Fj Parameters of control signals Instantaneous values of winding voltages
Switching sub-cycle t and output voltage of VSIs (Fig. 2) Viii— Vier; of PDDT
Fy pwacy =F(6n=3) B = Limr Vit = (2Var = Vot = Ve)/3 = (Vaz - 2V +
B Ve)/3
Tpume = 0,5F, =[6F(2n—1)]"! B, = p cos[(j -]

Viiz = Var + Vi -2V)/3 - (Vo + 2V -
7, =B,;,{0.8=05tan[(n— j)z]} | Ver)/3

where n=2,3,4.... Ay =1=(B,+ 5112 Z;)j/; (Var = Vor + 2Ve))/3 - (-2Vir +Viz

Fy prapy = F(8n=5)
TPWwMD = 1/[6F(2n —15)]

control modes during fluctuation of frequency of electrical grid. In this Table F is fundamental frequency of
electric grid (usually F=50 Hz with some small fluctuations), m is coefficient of modulation of inverters, V,;,

© Oleschuk V., Ermuratskii V., 2020
ORCID ID: *https://orcid.org/0000-0002-7413-4867

26 ISSN 1607-7970. Texn. enexmpoounamira. 2020. Ne 5




Vi, Ver, Vaa, Vo, and V., are pole voltages of VSI1 and VSI2. Fig. 2 illustrates basic control and modulation
parameters of inverters, and shows (inside the 90°-time-interval) sequence of switching of each VSI, and the
corresponding pole (Phases a, b) and line (V,,) voltages of VSIs adjusted by algorithms of continuous
(PWMC, Fig. 2, a [8]) and discontinuous (PWMD30, Fig. 2, b [8]) schemes of synchronous modulation.
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Fig. 2

Voltage waveforms of PV installation with two PWM inverters. Fig. 3 — Fig. 5 show basic volt-
age waveforms of the system (relative values of pole voltages of VSIs V,;, Vi), Vis, Vi, of line voltage V,;5;,
and of winding voltage V,,;;). Also, harmonic spectra of voltages V,;,; and V,,;; have been presented in these
figures. Curves in Fig. 3 correspond to installation with VSIs controlled by algorithms of discontinuous syn-
chronous version-30 modulation (PWMD?30 [8]), diagrams in Fig. 4 correspond to VSI-based system con-
trolled by the scheme of discontinuous pulsewidth version-60 modulation (PWMDG60 [8]), and curves in Fig.
5 correspond to installation with inverters adjusted by algorithms of the continuous synchronous PWM
(PWMC [8]). Operating frequency of photovoltaic system is equal to 50Hz, and average frequency of switch-
ing of power switches of VSIs is equal to 1.05 kHz. Modulation index of VSIs is equal to m=0.75.

Results of simulation of system, presented in Figs. 3 — Fig. 5, show, that for the all analyzed control
modes both line voltages and winding voltages have quarter-wave symmetry and are characterized by the
lacking in its spectra of even harmonics and sub-harmonics. It is shown also, that spectra of winding voltages
are much better in comparison with spectra of the corresponding line voltages of VSIs.

Total Harmonic Distortion factor of voltages of transformer-based PV installation. Total Har-
monic Distortion (THD) factor is an important parameter for comparison of integral harmonic composition
of basic voltage waveforms of photovoltaic systems [1]. Fig. 6, a, b shows results of determination of THD
of line voltage and winding voltage of the analyzed photovoltaic installation with two values of maximum
numbers of calculated harmonics (k-th harmonics) — k=40 (Fig. 6, a), and k=100 (Fig. 6, b):

40 100
THD = (1/V,11,) kszWZHk (Fig. 6, a); THD =(1/V,11 ) kszj“k (Fig. 6, b).

Corresponding determination of value of THD factor of the V,;,; and V,,;; voltages of photovoltaic
installation on the base of VSIs has been executed for systems controlled by continuous (PWMC) and two
discontinuous (PWMD30 and PWMDG60) versions of synchronous pulsewidth modulation. Average fre-
quency of switchings of power switches of VSIs was equal to 1.05 kHz for these calculations. The presented
results show remarkable improvement of spectral composition of winding voltages of inverter-side windings
of PDDT of photovoltaic installation on the base on VSIs controlled by the modified algorithms of synchro-
nous space-vector PWM, assuring to decrease of the corresponding losses of power transformer.
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THD of the winding Vw and line Va1b1 voltages (k=40)

] THD of the winding Vw and line Va1b1 voltages (k=100)
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Conclusion. Modified algorithms of synchronous space-vector PWM of two VSIs of transformer-
based photovoltaic installation insure improved spectral composition of multilevel winding voltage of
PDDT, characterized by the lacking in its spectra of even harmonics and undesirable subharmonics for any
control regimes of operation of PV system. Also, the used scheme of determination of control signals and
switching frequency of inverters provides synchronous voltage control during fluctuation of grid frequency,
assures better harmonic spectra and integral spectral characteristics of winding voltage of PDDT in compari-
son with line-to-line voltage of inverters. Therefore, the corresponding reduction of losses in inverter-side
windings of power transformer can be achieved. Results of comparative analysis of Total Harmonic Distor-
tion factor of winding voltage of the analyzed photovoltaic system show big dependence of value of this fac-
tor (for systems on the base of converters with relatively low switching frequency) from number of voltage
harmonics taken into consideration for calculation of Total Harmonic Distortion factor.
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Boinonnena ouccemunayus cxem u an2opummos CUHXPOHHOU 6EKMOPHOU MOOYIAYUY Ol Pe2YIUPOSaHus 08yX mpex-
Gasnvix uHEepMOPO8 HANPANCEHUS. POMONPeodPAZ08AMENLHOL CUCEMbL HA 6a3e CUL08020 MPAHCHOpMAMopa ¢ co-
eOUHeHUeM UHBEPMOPHBIX 0OMOMOK MPAHCHOPMAMOpa no cxeme 080UHO20 mpeyeonvHura. Hcnonvzosanue Mmoougu-
YUPOBAHHBIX ANCOPUMMOSE CUHXPOHHOU BEKMOPHOU MOOVIAYUU NO360JSem NPU IMOM 00eChneyums YIyuueH bl CneK-
MPATLHBLEL COCMAS HANPSAICEHUSL HA OOMOMKAX CUNOB020 MPAHCHOPMAMOPA ¢ COOMBEMCMEYIOUUM CHUNICEHUEM NO-
mepb 6 0bMomKax mpancgopmamopa u 80 éceli pomonpeodpazosamenvroll cucmeme. buodin. 9, puc. 6, Tadm. 1.

Knrouessie cnoga: nHBepTop HanpsHkeHUs, POTOTESKTPUYESCKHE TAHETN U MACCHBBI, MHOTOOOMOTOYHBIH TpaHc(hopMa-
TOP, MOJYJISAIIMOHHAS CTPATETHS.
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Buxonano ouceminayito cxem i ancopummie CUHXPOHHOL 8eKMOPHOT MOOYIAYIL 3407151 pe2yI08aHHS 080X MPbOXPAZHUX
iHeepmopie Hanpy2u Gomonepemeopro8aIbHOI cucmemu Ha 6a3i CUI0B8020 MPAHCHOPMAmMmopa i3 3’ €OHAHHAM IHBEPMO-
PHUX 0OMOMOK Mpancghopmamopa 3a cxemoio no0GitiIHo20 MpUKymHuKa. Bukopucmanus mooudixosanux aneopummis
CUHXPOHHOI 6eKMOPHOI MOOYIAYIT dae 3MO2y npu Ybomy 3a6e3neuumu NOKpaujeHutl CneKmpatbHuil CKiao Hanpyeu Ha
0OMOMKAX CUNOB020 MPAHCHOPMAMOPA 3 8IONOGIOHUM 3HUIICEHHAM 6Mpam y 0OMOmKax mpaucgopmamopa i 8 ycii
gomonepemesopiosanvroi cucmemi. biomn. 9, puc. 6, Tadm. 1.

Kntrouosi cnosa: inBepTop HanpyTH, (OTOCTEKTPUIHI TTAHET Ta MacHBH, 0araTo0OMOTYBaIIbHUI TpaHC(HOPMATOP, MO-
IyJSIIiitHa CTpaTeris.
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