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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 four-winding transformer. The 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.
The validity of the analyzed processes has been verified by
simulations: three basic variants of the scheme of modulation
have been applied for control of inverters.

I. INTRODUCTION

Development of photovoltaic-focused power conversion
systems is growing rapidly. Novel transformer-less and
transformer-based topologies and configurations of solar
photovoltaic installations for solar farms and solar factories
have been proposed and investigated [1]-[4].

Recently, modified structure of transformer-based system
with triple three-phase voltage source inverters has been
proposed [5],[6]. Fig. 1 shows topology of this system for the
case of delta-connection of secondary windings, 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.
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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.

1I. TwO-LEVEL INVERTERS WITH SYNCHRONOUS PWM

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 I 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 I. BASIC PARAMETERS OF PWM METHODS

Control Conventional Specialized
(modulation) schemes of spa- method
parameter ce-vector PWM of modulation
Operating and Operating & max Operating & maximum
max parameter voltage V and V,, fundamental i{equencyF and
Modulatlon ViV FIF
index m ' "
Duration of sub- T
T
cycles
Center
k-1
of the k-signal o (angles/degr.) o ) (sec)
Algebraic Trigonomet-
PWM ric PWM
Switch-on T, =1.1mT[sin(60°] B, =B[1-Ax| B, =px
ti .
durations —a,) +sina, ] (k=17FK,,] | coslk—1zK,,]
ty =1l.ImTsine, Ve =B n[0.54 Ve =Pienl0.5-
6(i— k)F1K,,, | 0.9m(-k)7lK,,
ty =1.1mT x 5 5
e~ Yk ke~ Vk
sin(60° — ;)
Switch-off
states (zero Loy =T =ty =y he=7-5
voltage)
Special B'=pll-4x | p'=f xcos
parameters (k=DFK,,1K,| [(k-1DK,,]1K,
providing
synchronization , ., , :
of the process A== "% | A=@-B"x%
of PWM K, K, KK,
1L SYNCHRONOUS PWM OF INVERTERS IN TRIPLE-

INVERTER-BASED SYSTEM

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

Vasi = Vaio + (Varo + Vo + Vero)/3 (1)
Vst = Viio + (Varo + Vo + Vero)/3 )
Vest = Vero + (Vazo + Voo + Vero)/3, 3)

where V10, Viioand Vejpare the corresponding pole voltages
of the first inverter.

Winding voltages of secondary windings of the system (V..
Vw2, Vs 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.

I/wl = Vas3 - Vbxl (4)
Vw2 = Vbxl - VcsZ (5 )
VW3 = VcsZ - Vas3 (6)

Vit = 0.667Vast — 0.333Vs2— 0.333Vs3 7)
Viz = 0.333V 1 + 0.667Vis2— 0.333V3 ®)
Vig = ~0.333Viss — 0.333Vi2 + 0.667V3 )

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
Va0, Vbio, Veio of the first inverter, phase V,; and line-to-line
Vaips voltages of the first inverter, and also winding voltages
Viiphase and Ve, corresponding to the cases of star-
connection and delta-connection of windings). It present also
spectra of the phase V,; and line V,;; voltages of inverters,
and also spectra of winding voltages Viviphase and Viyiine.

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
F=1.13kHz, m=0.75).

Figs. 8-9 illustrate modulation processes in system
controlled by scheme of synchronous discontinuous space-
vector PWM with the 60%non-switching intervals ([7],
DPWM60, F=50Hz, average Fs=1.13kHz, m=0.85).

vato L] |
WWHHIHHWHHH”HH i
I

voet | Vb by gttt T
Fwl

o R T T
vath %Mmﬂﬂﬂjﬂmmﬂﬂﬂﬂﬂm

Fwl
line

Vel#

0.01 0.015

time (s)

0 0.005 0.02

Fig. 3. Pole voltages Vo, Viio, Vero, phase voltage Vg, line voltage V,,; of
the first inverter, and the corresponding winding voltages Vi phase and Vi ine
of the system with continuous synchronous PWM (CPWM, F=50Hz,
F=1.13kHz, F/F=24.6, m=0.65).
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Fig. 4. Spectra of voltage waveforms of the system with continuous

synchronous PWM (F=50Hz, F;=1.13kHz, m=0.65).

Figs. 10-13 illustrate regimes of operation of inverters with
discontinuous PWM in two parts of the zone of
overmodulation (Figs. 10-11: the first part of the zone of
modulation — DPWMG60, F=50Hz, average F,=1.13kHz,
m=0.95; Figs. 12-13: the second part of the overmodulation
zone — DPWM30, F=50Hz, average F,=1.13kHz, m=0.975).
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Fig. 5. Pole voltages Vo, Viio, Vero, phase voltage Vg, line voltage V5, of
the first inverter, and the corresponding winding voltages Vi phase and Vi, ine
of the system with discontinuous synchronous PWM (DPWM30, F=50Hz,
F=1.13kHz, F/F=24.6, m=0.75).
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Fig. 6. Spectra of voltage waveforms of the system with discontinuous PWM
(DPWM30, F=50Hz, Fy=1.13kHz, m=0.75).

To emphasize properties of the used specialized scheme of
PWM, fractional frequency ratio between the switching and
fundamental frequencies (equal to //30Hz/50Hz=22.6) has
been used. Analysis 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 and overmodulation zones.
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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 V19, Viio, Vero, phase voltage Vg, line voltage Vs, of
the first inverter, and the corresponding winding voltages Vyiphase and Vysiine
of the system with discontinuous synchronous PWM (DPWMG60, F=50Hz,
F=1.13kHz, F/F=24.6, m=0.85).

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
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Fig. 9. Spectra of voltage waveforms of the system with discontinuous PWM
(DPWMO60, F=50Hz, F,=1.13kHz, m=0.85).

modulation index m of triple inverters, controlled by
synchronous techniques of continuous (CPWM) and disconti-
nuous (DPWM30 and DPWMG60) pulsewidth modulation.
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THD factor has been calculated until the 40-th low-order (k-
40

th) voltage harmonic (Fig. 14, THD:(I/VWII) szflk ),
k=2

the

1000
THD =(1/ lel) ZVv&lk ). The fundamental frequency of
k=2

and also until 1000-th  harmonic (Fig. 15,

the system was equal to 50Hz, and the average switching
frequency of triple inverters was equal to /.4kHz.

vato [ ] I
wo| (LT I
vero|TTTILLLL LT

vt m
Fwl

phas P T T
Vatnt W—mﬂﬂﬂ_ﬂmﬂmm—mm

Fwl
line

LI

0.01 0.015 0.02

time (s)

0 0.005

Fig. 10. Pole voltages V0, Vii0, Ve10, phase voltage Vy, line voltage V5, of
the first inverter, and the corresponding winding voltages Vyiphase and Vi siine
of the system with discontinuous synchronous PWM in the overmodulation
zone (DPWM60, F=50Hz, F,=1.13kHz, F/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).

Val#

vero| || TLLL

Gl 100 1 N I 1
L L TV
T e ™

Valbl
Fwl
line
0 0.005 0.01 0.015 0.02
time (s)

Fig. 12. Pole voltages V10, Viio, Ver0, phase voltage Vg, line voltage V5, of
the first inverter, and the corresponding winding voltages Vi phase and Vi, ine
of the system with discontinuous synchronous PWM in the overmodulation
zone (DPWM30, F=50Hz, F,=1.13kHz, F/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).

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 1is appreciable
improvement of integral spectral characteristics of winding
voltages. As an example, in accordance with diagram of Fig.
14 (for the case, if 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
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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).

by 63% for system with DPWM60, 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 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.

IV. 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
PWM, 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 PWM, in
comparison with the case of conventional connection between
inverters and transformer.
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