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Abstract—This manuscript presents results of study and
research of synchronous adjustment in the overmodulation
control zone of three neutral-clamped inverters (NCIs) of the
specific configuration of three-phase grid-connected photovoltaic
system. It has been proved, that the corresponding modification
of techniques and algorithms of pulsewidth modulation (PWM)
for control of NCIs, assure symmetry and advanced harmonic
composition of inverter-side winding voltage of multi-winding
power transformer, thereby helping to reduce losses in windings
of the transformer, and to improve the efficiency of photovoltaic
installations.
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. INTRODUCTION

New structures and topologies of multi-level and multi-
phase converters of the parameters of electrical energy, with
the help of which rational and economical modes of operation
of systems of various functional purposes are provided, are
increasingly being used in the field of electric drives, electric
transport, and renewable sources of electric energy [1] — [4].

Photovoltaic systems are ones of the most common
renewable energy installations [5] - [6]. Currently, there are a
large number of structures of PV installations of transformer-
based and transformer-less types [7] - [8]. In this case, various
configurations of inverters can be used in PV systems [9] —
[11].

The efficiency of the functioning of inverter-based PV
systems is highly dependent on the methods and techniques of
control and pulsewidth modulation (PWM) used to adjustment
of inverters of the corresponding installations [12] - [14]. To
provide improved spectral composition of the basic voltages of
PV system with three neutral clamped inverters (NCIs)
operating in the zone of overmodulation, specialized PWM
algorithms for adjustment of NCIs have been elaborated and
investigated in this paper.

Il.  STRUCTURE OF THREE-NCI-BASED PV SYSTEM

Recently, inverter-based grid-tied photovoltaic installation
with three two-level inverters and with specific interconnec-
tion between outputs of PWM inverters and windings of
power transformer has been described (Fig. 1 [9], [10]).
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Figure 1. Basic power circuits of PV system with three Neutral Clamped Inverters (NCI1 — NCI13) with special interconnections with power transformer.
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Fig. 1 presents slightly modified topology of the PV
installation [9] based on three neutral clamped inverters
(NCI1, NCI2, and NCI3), polar voltages of which Vy; -
V3, are applied specifically to the corresponding windings
of power transformer. This structure 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 [9].

11. SWITCHING SCHEME OF NEUTRAL CLAMPED

INVERTERS

Fig. 2,a shows structure of power circuits of NCI, Fig.
2,b presents basic voltage vectors V1 + V7 (seven
vectors, marked by the big arrows) of each NCI. Control
and PWM scheme is based in this case on the using of six
basic vectors (large vectors V1 + V6), and of the zero
vector V7, assures providing minimization of value of
common-mode voltage in power conversion systems with
NClIs [8]. As an additional fact, it assures also to provide
balanced neutral-point voltage of each NCI due to the fact
that the presented V1 + V7 vectors of voltage of diode
clamped inverters do not have influence at the fluctuation
of the neutral point voltage because the neutral-point 0 in
this case is not connected to the NCI output [15].
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Figure 2. Structure of power circuits of diode clamped inverter (a), and
its basic voltage vectors V1+V7 (b).

85

OOE

BY NC ND

@

IV. FEATURES OF SYNCHRONOUS CONTROL OF NCIs
OF PV INSTALLATION IN THE OVERMODULATION ZONE

To insure symmetry of the output voltage of NCI,
modified techniques of synchronous space-vector PWM
can be disseminated for regulation of neutral clamped
inverters of the analyzed photovoltaic installation [4J
[13]. Fig. 3 presents (inside the clock-time 0° - 60°)
diagrams of switching state sequence, and pole and line
voltages of NCI controlled by the technique of
continuous synchronous PWM, assuring symmetry of
NCI output voltage over the whole adjustment range [12].
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Figure 3. Switching sequence, and basic voltages Va, Vp,, Va, 0f NCI
with synchronous PWM inside the clock-time 0° - 60°.
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Control of inverters of PV installations in the zone of
the high and the highest coefficients of modulation m of
inverters (in the zone of overmodulation, when
m=>0.907), has some specific features. Boundary values
of two coefficients of modulation of inverters for the case
of conventional two-stage adjustment in the zone of
overmodulation are  correspondingly  equal to
Mgy1 = 0.907 and mg,, =0.952 [14] (Mpe =1 in this
case). Particularly, basic control dependences of voltage
source inverters with  synchronous PWM for
determination of parameters of control signals include

two specialized indices of overmodulation

Kovi =[1—(m—=mgy1)/(Mgy2 —Mgy1)] and
K0v2 = [1_ (m - mov2)/(1_ Mov2 )] :

If 0.952>m>0.907:
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If 1>m>0.952:
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where m — index of modulation of NCI, B — ;- (see

Fig. 3) duration of total active switching state during sub-
cycle, y; - minor part of duration of active switching

state, 4; - duration of notches, 7 - switching sub-cycle.

V. OPERATION OF THREE NCIS OF PV INSTALLATION IN
THE ZONE OF OVERMODULATION

A. System Control at the First Stage of the Over-
modulation Zone of Neutral Clamped Inverters

Winding voltages V;, V;, V3 of inverter-side windings
of multi-winding power transformer of photovoltaic
installation (Fig. 1) can be determined as functions of the
corresponding pole voltages of three NCls [9]:

Vi =Vi; - Viz- Vg + Vg (8)
Vy =Vy1- Vo3 - Vip + Vi3 )
V3 =Va; - Vg - Vop + V3 (10)

In accordance with the used PWM strategy, control
signals of three NCls are shifted by 120°, and additional
mutual phase shift between control signals of inverters is
equal to 1/3 of the width of switching sub-cycle.

During the first control part of operation of NCls of
PV installation in the zone of overmodulation
(modulation index m of inverters is 0.952>m>0.907 in
this sub-zone), control and modulation process is
characterized by a smooth quasi-linear enlargement of
duration of total active control signals of inverters ( 3 -

parameter in (2)) until its width will be equal to duration
of switching interval ¢ [14]. Simultaneously, smooth
decrease of duration of all notches A (4) until close to
zero value is observed in this control sub-zone.

Fig. 4 — Fig. 5 present results of simulation of PV
installation with NCIs controlled by algorithms of
synchronous discontinuous PWM (PWMD), described in
[8], and show, in the relative scale, pole voltages Vi1, Vi,
and V3 of the first NCI, line voltages of NCI1 and NCI2
((V12 - V1z) and (V1. - V23)), and winding voltage V, of
power transformer. It presents also (Fig. 5) spectra of the
line (V.1 - Va3) voltage, and of the winding voltage V..
Fig. 6 — Fig. 7 present the corresponding diagrams for
system controlled by algorithm of “direct-direct” PWM
(PWMDD, [8]). The fundamental frequency of system is
equal to F = 50 Hz, switching frequency of NCIs is equal
to F;= 1000 Hz, and its modulation index m = 0.945.
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Figure 4. Pole voltages V1, V12 and Vi3, line voltages, and winding

voltage V, of PV system adjusted by the scheme of PWMD (m =

0.945).
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Figure 5. Harmonic composition of voltages of PV installation with
discontinuous PWM (PWMD, F =50 Hz, F,= 1000 Hz, m = 0.945).
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Figure 6. Pole voltages Vi1, V12 and Vi, line voltages, and winding
voltage V, of PV system adjusted by the scheme of PWMDD (m =
0.945).
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Figure 7. Harmonic composition of voltages of PV installation with
‘direct-direct’ PWM (PWMDD, F = 50 Hz, F;= 1000 Hz, m = 0.945).

B. System Control at the Second Stage of the
Overmodulation Zone of NCls

During the second stage of operation of neutral
clamped inverters of transformer-based grid-tied PV
installation in the zone of overmodulation (modulation
index m of NCls is 1>m>0.952 in this sub-zone), control
and modulation process is characterized by a smooth
reduction of the widths of the y -parameters (7) until

close to zero value in regime characterized by the
maximum value of index of modulation of NClIs (m = 1)
[8].

In order to illustrate processes of control and
pulsewidth modulation in PV system with three NCIs
(adjusted by the two basic schemes (PWMD and
PWMDD) of synchronous PWM for NCIs) during the
second sub-zone of overmodulation control diapason,
Fig. 8 — Fig. 11 present basic voltage waveforms of the
analayzed photovoltaic installation, and also spectral
characteristics of the line voltage (V,; - V»3) and winding
voltage V,.

Fig. 8 — Fig. 9 show the corresponding diagrams for
PV system with NCls, adjusted by the scheme of
discontinuous synchronous modulation (PWMD), Fig. 10
— Fig. 11 present the corresponding diagrams for PV
installation with NCIs, regulated by techniques of ‘direct-
direct” synchronous PWM (PWMDD). Coefficient of
modulation of NCls in this case is equal to m=0.985,
average switching frequency of power switches of neutral
clamped inverters is equal to 1000 Hz.
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Figure 8. Pole voltages V11, Vi and Vi3, line voltages, and winding

voltage V, of PV system adjusted by the scheme of PWMD (m =
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Figure 9. Harmonic composition of voltages of PV installation with
discontinuous PWM (PWMD, F =50 Hz, F,= 1000 Hz, m = 0.985).
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Figure 10. Pole voltages V11, V12 and Vi3, line voltages, and winding
voltage V, of PV system adjusted by the scheme of PWMDD (m =
0.985).
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Figure 11. Harmonic composition of voltages of PV installation with
‘direct-direct” PWM (PWMDD, F = 50 Hz, F;= 1000 Hz, m = 0.985).

Shown in Fig. 4 - Fig. 11 diagrams and spectrograms
illustrate the fact that in the analyzed three-NCl-based PV
installation, modified techniques and algorithms of
synchronous space-vector modulation, disseminated for
regulation of three neutral clamped inverters, can
successfully assure the symmetry and advanced harmonic
composition of the winding voltage of multi-winding
power transformer (without even-order harmonics and
subharmonics in spectra of the winding voltage) during
control of NCls in the zone of overmodulation.

THD of the winding voltage V2 (k=100 and k=1000)

So, improved harmonic composition of the winding
voltage of transformer of grid-tied PV system insures to
decrease losses in the inverter-side windings of multi-
winding power transformer.

Total Harmonic Distortion (THD) factor is an
important indicator for study and comparison of integral
spectral composition of winding voltage V, of the
analyzed PV installation with triple NClIs, adjusted by
algorithms of synchronous PWMD and PWMDD, with
switching frequency of power switchs of neutral clamped
inverters equal to 1000 Hz, determinate (and presented in
Fig. 12) for the case of two values of the maximum
number of the calculated low order harmonics (k-th
harmonics) — k = 100, and k = 1000:

100

THD = (L/Vp, )\ kzzv2k (11)
1000

THD = (1/v21)\ kzzvzk (12)

The presented in Fig. 12 diagram shows a relatively
big dependence of the value of the THD factor of the
winding voltage on number of low order voltage
harmonics, taking into account during determining THD.
But for the both cases of determining of the THD factor,
presented in Fig. 12 (k = 100 and k = 1000), better values
of THD factor can be assured by the using of algorithms
of the “direct-direct” scheme of synchronous pulsewidth
modulation for specific control of three neutral clamped
inverters of the analyzed PV installation in the zone of
overmodulation.
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Figure 12. Total Harmonic Distortion (THD) factor of the winding voltage V of PV installation based on triple NCls.
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CONCLUSION

It is shown that the modified control scheme and
algorithms of synchronous space-vector PWM can be
successfully used to control of three neutral clamped
inverters of a transformer-based PV installation with a
special interconnection between windings of the power
transformer with output circuits of the inverters, ensuring
the symmetry of the voltage waveforms on the inverter-
side windings of the power transformer under specific
operating conditions of the inverter block of the system in
the overmodulation zone.

Presented in Figs. 5, 7, 9, and 11 characteristics of the
spectral composition of the line voltage of inverters,
regulated on the basis of modified algorithms of
synchronous space-vector PWM, and of the resulting
winding voltage of the power transformer, emphasize the
fact that there are no even order harmonics and
subharmonics (of the fundamental frequency of system)
in spectra of these basic voltages over the entire range of
two-stage regulation of inverters in the overmodulation
control zone, including cases of fluctuation of the
operating frequency of the PV system connected with a
three-phase grid.

On the basis of a comparative analysis of the integral
spectral characteristics of the base voltages in the system,
it was determined that improved (reduced) values of the
distortion factor of the resulting winding voltage of
power transformer are provided by regulating neutral
clamped inverters on the base of modified algorithms of
the “direct-direct” scheme of synchronous PWM.

Improving the harmonic composition of the winding
voltage of the power transformer of the analyzed system
makes it possible to reduce losses in the transformer,
thereby contributing to an increase in the efficiency of the
functioning of three-phase transformer-based photo-
voltaic installations.
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