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Abstract —This paper presents results of research of modulation processes in power conversion system with triple voltage source
inverters, supplied by photovoltaic (PV) strings, and connected to a transformer. Four-winding transformer has in this case specific
connections between the secondary windings and inverters, allowing providing of multilevel voltages at secondary windings of the
transformer. Specialized space-vector-based strategy of pulsewidth modulation (PWM) has been used for control of inverters,
insuring quarter-wave symmetry of winding voltages for any modulation indices and switching frequency of inverters. Analysis and
comparison of harmonic composition of winding voltages and output voltages of inverters has been done on the base of simulation of
system with three basic variants of the scheme of synchronized modulation.
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INVERTOARE DE TIP CASCAD CU MODULATIE SINCRONA PENTRU INSTALATIE
FOTOVOLTAICA CU TRASFORMATOR

Valentin OLESCIUK, Vladimir ERMURATSCHI
Institutul de Energetica al Academiei de Stiinta a Moldovei, Chisinau, Republica Moldova

Rezumat — Lucrarea prezinta rezultatele cercetarii proceselor de modulare in sistemul de conversie a energiei n baza
invertoarelor triple, care se alimenteaza de la circuite fotovoltaice, si racordate cu un transformator de putere cu patru infasurari.
Transformatorul se caracterizeaza printr-o schemd de conectare specifica intre infasurdrile secundare si invertoare, care permite
formarea tensiuni de iesire pe mai multe niveluri pe infasurarile secundare ale transformatorului. Schema moduldrii vectoriale
sincrone utilizata pentru dirijarea si reglarea invertoarelor, asigura simetria sfertului de undd a tensiunii pe infasurarile secundare
pentru orice indici de modulayie si frecvenya de comutare a invertoarelor. Analiza comparativa a compozitiei armonice a tensiunii de
iesire a invertoarelor si fensiunii pe infasurdrile secundarea transformatorului s-a realizat In baza simularii sistemului cu trei
variante ale modulatiei sincrone.

Cuvinte cheie - invertor de tensiune, panouri si circuite fotovoltaice, schema de modulare, sincronizare formelor tensiunii.

KACKAJTHO-CBSI3AHHBIE UHBEPTOPBI C CHHXPOHHOM MOYJISIIIUEN JIJIsI
®OTOIMPEOBPA3OBATEJIIbHOM YCTAHOBKH TPAHC®OPMATOPHOTI'O TUITA

B. Onemyk, B. Epmyparckuii
HuctutyT 2HepreTnku AkameMun Hayk Momaossl, Kumuaes, Pecrybnuka Monmosa

Pedepar — Ilpedcmaenenvt pesynomamel ananuza MOOYIAYUOHHBIX RPOYECCO8 6 NPeoGpPA306amMensvioll cucmeme Ha 0Oase
CMPOEHHBIX UHBEPMOPOB, NUMAIOWUXCS OM MpexX homonpeobpaz06amenbHbIX yenetl, U CEA3AHHbIX C CUNOBbLIM MPAHCHOPMAMOPOM.
YembipexoOMOMOUHbIIL MPAHCHOPMAMOP XAPAKMEPUIYEMCS NPU IMOM CNeYUATbHOU CXeMOU COeOUHEHUsI BMOPUUHBIX 0OMOMOK ¢
uHeepmopamu, 01a200aps yYemy HA 6MOPUYHBIX OOMOMKAX (HOpMUPYEMca MHO20YPOsHesoe 6bixoOHoe Hanpscenue. Cxema
CUHXPOHHOU 6EKMOPHOU MOOYIAYUY, UCNONb308AHHAS 0N YNPAGIEHUA U pecyIupoBanUs UHEEPmMopos, obecneuusaem npu >mom
4emeepmuvBONIHOGYI0  CUMMEMPUIO  HANPANCEHUNI HA  GMOPUYHBIX 0OMOMKAX mpancgopmamopa npu nodblX 3HAYEHUAX
KO uyuenmos MoOyIAYuU U 4acmom KOMMYymayuu uHeepmopos. Buinoaneno moodenuposanue npoyeccog 6 cucmeme ¢ mpems
PA3HOBUOHOCMAMU CUHXPDOHHOU 6€KIMOPHOU MOOYIAYULU, NPOBEOEH CONOCMABUMENbHBLI AHANU3Z 2APMOHUYECKO20 COCMABA DA306bIX
@opm Hanpadicenus Ha 8bIXO0€ UHEEPMOPOE U HA BMOPULHBIX OOMOMKAX MPpanchopmamopa.

KuiroueBblie cJ10Ba — ungepmop nanpsaxicenust, pomonpeodpazosameibivle NAHeIU U Yyenu, Cmpameusi u makmura MoOYIayuu.

1. INTRODUCTION photovoltaic installations for solar farms and solar
factories have been proposed and investigated [1]-[4].
Development of photovoltaic-focused power conversion  Recently, modified structure of transformer-based system
systems is growing rapidly. Novel transformer-less and  with triple three-phase voltage source inverters has been
transformer-based topologies and configurations of solar proposed [5],[6]. Fig. 1 shows topology of this system for
the case of delta-connection of secondary windings,
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supplied by three insulated strings of photovoltaic panels.
Fig. 2 presents the corresponding secondary windings for
the case of star-connection [6]. It has been shown in [6],
that simple modification of connection between outputs of
standard two-level inverters and windings of the
transformer allow providing multilevel winding voltages
for systems with insulated dc-sources. Also, winding
voltages can be expressed in this case by the phase
voltages of triple inverters.

Operation of inverter-based photovoltaic systems is in
dependence of the used methods and techniques of PWM.

Space-vector modulation is perspective method for
control of inverters, including PV application. During
system operation, for some regimes of photovoltaic
systems (grid frequency fluctuation, different voltages of
strings of PV panels, etc.) it is necessary to ensure voltage
synchronization. So, this paper presents results of
research of modulation processes in PV system with triple
transformer-connected inverters, controlled by specialized
schemes and techniques of space-vector PWM, insuring
voltage synchronization and voltage symmetries for any
operating conditions of the system.

|—-=—11 T"‘

e 1
i y Inverter 1
L-"

§ 1

Inverter 2

1

311&;&-
g
3

Inverter

Fig. 1. Topology of transformer-based photovoltaic system with triple inverters specifically connected to secondary
windings of the transformer (case of delta connection of windings).

Fig. 2. Secondary windings of transformer of the system
for the case of star-connection.

2. TWO-LEVEL INVERTERS WITH
SYNCHRONOUS SPACE-VECTOR MODULATION

To assure voltage synchronization and waveform
symmetries of inverters, specialized method of space-
vector modulation can be used for control of triple
inverters of PV system. Table | presents peculiarities and
the main control dependences of this method of
synchronous modulation, which are compared here with
the corresponding parameters of conventional space-
vector PWM [7]-[9].
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Table 1 - Basic Parameters of PWM Methods

Control (modulation)
parameter

Conventional schemes of
space-vector PWM

Specialized

method

of modulation

Operating and max
parameter

Operating & max
voltage V and V,

Operating & maximum fundamental
frequency F and F,

Modulation index m

VIV, FIF,
Duration of sub-cycles T .
Center o (angles/degr.) (k-1) (sec)
of the k-signal
Algebraic PWM Trigonomet-ric PWM
_ _ Ty =LIMT[siN(60° —r,) +sine] | P = A= Ax Be= P cosllk D)Ko
Switch-on durations (k =) FK,,] i = Bi.a[0.5—
t, =1.1mTsing, = Biwal05 - 0.9 =)7Kz
6(i - k)TF]Kovz ﬁk — Yk
t, =1.ImT x sin(60° —az,) B =1«
Switch-off states (zero | , _+_, _; o
voItage) 0k ak ~ Lok A =7 f
SpeCIaI ﬂ": ﬁl[l_ Ax ﬂ": ﬁl X COS [(k 71)TKOV1]KS
parameters providing (k =D KoK, A=(r-B")x
synchronization A= (r- ") x KouKs
of the process of PWM KoK,
3. SYNCHRONOUS PWM OF INVERTERS IN Vs = -0.333V,q; — 0.333V,s, + 0.667V; 9)

TRIPLE-INVERTER-BASED SYSTEM

Phase voltages V., Vpsy and Vg of the first standard
three-phase inverter (Inverter 1 in Fig. 1) of the system
are calculated in accordance with (1)-(3) [7]:

Vast = Vaio + (Va1 + Voio + Ve10)/3 1)
Vis1 = V1o + (Va10 + Viio + Vei0)/3 )
Vest = Vero + (Vato + Vo + Veo)/3, (3)

where Vg0, Vpo and Vo are the corresponding pole
voltages of the first inverter.

Winding voltages of secondary windings of the system
(M1, Vo, Vg in Fig. 1) can be expressed by the phase
voltages of triple inverters in accordance with (4)-(9) [6].
Dependences (4)-(6) correspond to the case of delta-
connection of windings, presented in Fig. 1, dependences
(7)-(9) correspond to the case of star-connection,
presented in Fig. 2.

Via = Va3 - Vst (4)
Ve = Vst - Ves2 (%)
Vig = Vesz - Vass (6)
Vi = 0.667V,s1 — 0.333Vps, — 0.333V3 (7)
Ve =-0.333Vyg; + 0.667Vps, — 0.333Vg3 (8)

Control and output signals of triple inverters of the system
are shifted by 120° (120° interleaving in accordance with
some definitions). Also, small additional shift between
control signals of three inverters, equal to 1/3 of duration
of the switching period (switching sub-cycle) has been
provided by the used scheme of control and modulation.
Fig. 3 — Fig. 13 .present results of simulation of processes
in the system on the base of triple synchronously
modulated inverters, and show basic voltage waveforms
(pole voltages Vaig, Vhio, Veio Of the first inverter, phase
Vas1 and line-to-line V,yp; Voltages of the first inverter, and
also winding voltages Vyaghase aNd Vyaiine, COrresponding to
the cases of star-connection and delta-connection of
windings). It present also spectra of the phase V. and
line Vg voltages of inverters, and also spectra of
winding voltages Vyipnase aNd Viiine.

Figs. 3-4 show voltage waveforms and voltage spectra of
the system controlled in accordance with scheme of
continuous synchronous modulation [7]. The fundamental
frequency of the system is equal to F=50Hz, and
switching frequency is equal to F;=1.13kHz. Modulation
index is equal to m=0.65 in this case.

Figs. 5-7 present voltage waveforms and the
corresponding voltage spectra of system controlled by the
scheme of synchronous discontinuous space-vector PWM
with the 30°-non-switching intervals ([7], DPWM30,
F=50Hz, average Fs=1.13kHz, m=0.75).

Figs. 8-9 illustrate modulation processes in system
controlled by scheme of synchronous discontinuous
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space-vector PWM with the 60°-non-switching intervals Spectrum of Vw1phase

([7], DPWM60, F=50Hz, average F.=1.13kHz, m=0.85). 0.5
Figs. 10-13 illustrate regimes of operation of inverters
with discontinuous PWM in two parts of the zone of 0.41 1

overmodulation (Figs. 10-11: the first part of the zone of

modulation — DPWMG60, F=50Hz, average F;=1.13kHz, o 0.31 ]
m=0.95; Figs. 12-13: the second part of the g
overmodulation zone - DPWM30, F=50Hz, average = 0.2l |

F=1.13kHz, m=0.975).
To emphasize properties of the used specialized

scheme of PWM, fractional frequency ratio between the 0.1y i
switching and fundamental frequencies (equal to M
. 0 -

1130Hz_/50Hz: _2?.6) has beeq used_. Analysis of 5 20 40 60 80 100
harmonic composition of symmetrical (with quarter-wave Order of voltage harmonics

symmetry) voltage waveforms of the system shows (see

Figs. 6-13), that spectra of the all presented waveforms do Spectrum of Vw1line

not include even harmonics and subharmonics for any 0.7 - - -

values of modulation indices of inverters.
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Fig. 6. Spectra of voltage waveforms of the system with
discontinuous PWM (DPWM30, F=50Hz, F;=1.13kHz,
m=0.75).

Total Harmonic Distortion factor is an important criterion
for analysis and comparison of voltage waveforms in
photovoltaic systems. In particular, for 50-Hz systems it
has been recommended to take into consideration
harmonics up to the 40th voltage harmonic for
determination of total voltage harmonic distortion factor
[10]. Figs. 14-15-present results of calculation of Total
Harmonic Distortion factor (THD) for basic voltage
waveforms of the system as function of modulation index
m of triple inverters, controlled by synchronous techni-
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Fig. 7. Spectra of voltage waveforms of the system with
discontinuous PWM (DPWM30, F=50Hz, F;=1.13kHz,
m=0.75).
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Fig. 8. Pole voltages V.10, Vb1o, Vc10, phase voltage Vg,
line voltage V.1, Of the first inverter, and the
corresponding winding voltages Viiphase aNd Viaiine OF the
system with discontinuous synchronous PWM
(DPWMG60, F=50Hz, F;=1.13kHz, FJ/F=24.6, m=0.85).

ques of continuous (CPWM) and discontinuous
(DPWM30 and DPWMG60) modulation. THD factor has
been calculated until the 40-th low-order (k-th) voltage

40
harmonic (Fig. 14, THD = (1/V,, ) Zszak ), and also
k=2

until the 1000-th harmonic of voltage spectra (Fig. 15,
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Fig. 9. Spectra of voltage waveforms of the system with
discontinuous PWM (DPWMG60, F=50Hz, F;=1.13kHz,
m=0.85).

1000
THD =(@1/Vy, ) Z:sz,lk ). The fundamental frequency
k=2

of the system was equal to 50Hz, and the average
switching frequency of triple inverters was equal to
1.4kHz.
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Fig. 10. Pole voltages Vaio, V1o, Veio, phase voltage Vg1,
line voltage V.1, Of the first inverter, and the
corresponding winding voltages Vyiphase aNd Vygjine OF the
system with discontinuous synchronous PWM in the
overmodulation zone (DPWM60, F=50Hz, Fs=1.13kHz,
FJ/F=24.6, m=0.95).
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Fig. 11. Spectra of voltage waveforms of the system with
discontinuous PWM (DPWM30, F=50Hz, F;=1.13kHz,
m=0.95).

Analysis of the presented in Fig. 14 and Fig. 15 results of
calculation of THD factor shows, that due to the proposed
in [6] connection between triple inverters and the
secondary windings of the transformer, there is
appreciable  improvement  of integral  spectral
characteristics of winding voltages. As an example, in
accordance with diagram of Fig. 14 (for the case, if
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m=0.7), THD factor for winding voltages is reduced by
14% (for system with algorithm of CPWM), by 8% (for
system controlled by algorithm of DPWM30), and by
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Fig. 12. Pole voltages Va0, V1o, Veio, phase voltage Ve,
line voltage Vi, Of the first inverter, and the
corresponding winding voltages Vyiphase aNd Vygjine OF the
system with discontinuous synchronous PWM in the
overmodulation zone (DPWM30, F=50Hz, Fs=1.13kHz,
FJ/F=24.6, m=0.975).
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Fig. 13. Spectra of voltage waveforms of the system with
discontinuous synchronous PWM (DPWM30, F=50Hz,
F.=1.13kHz, m=0.975).
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63% for system with DPWMG60, in comparison with the
corresponding line voltages. Accordingly, data of the
diagram, presented in Fig. 15, show (as an example, for
the case, if m=0.7), that THD factor for winding voltages
of system with new connection between inverters and

transformer is decreased by 23% (for system with

THD of voltage waveforms, k=40
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Fig. 14. THD factor of voltages of the system versus
modulation index m (k=40).
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Fig. 15. THD factor of voltages of the system versus
modulation index m (k=1000).

DPWM30 or DPWM60), and by 22% (for system
controlled by algorithm of CPWM), in comparison with
the corresponding line voltages (case of conventional
connection between inverters and transformer).

So, improved spectral composition of winding voltages of
transformer-based system assures to reduce copper loss in
windings of the transformer, and also to decrease
switching and conduction losses at triple inverters.
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4. CONCLUSION

Specialized schemes and techniques of feedforward
space-vector modulation, insuring voltage
synchronization and voltage symmetries of inverters, can
be used effectively in transformer-based photovoltaic
systems on the base of triple inverters with novel
connection between inverters and windings of the
transformer.

The presented voltage  spectrograms illustrate
qualitatively and quantitatively attenuation of the
corresponding harmonics of winding voltages due to new
connections inside the system.

To emphasize properties of the used specialized scheme
of pulsewidth modulation, fractional frequency ratio
between the switching frequency and fundamental
frequency (equal to 1130Hz/50Hz=22.6) has been chosen
for analysis of modulation processes in system. Research
of harmonic composition of symmetrical (with quarter-
wave symmetry) voltage waveforms of the system shows
(see Figs. 6, 7, 9, 11, 13), that spectra of the all presented
waveforms do not include even harmonics and
subharmonics for any values of modulation indices of
inverters operating at both linear control zone and zone of
overmodulation.

It has been shown, that in general case THD factor for
winding voltages of secondary windings of the system
with new connection between inverters and transformer is
decreased (in average) by about 20% for systems with
both  continuous and discontinuous synchronous
pulsewidth modulation, in comparison with the case of
conventional ~ connection  between inverters and
transformer.
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