








ISSN 0204-3599. . . 2010.  4 3

 530.152.15

, , , ,  ( . )

, 
. , 

 H(B), 
.

, 
. , -

 H(B), -
.

. ,
. 

, -
. -

 ( ) . 
, , -

 [11]. 
, , , -

. 
 [8], 

 (  [2])
. 

, 
, . 

, .
-

 [1,3],  ( ) 
 ( ). 

 (« ») 
. 

 [4,13,14] -
, 

 [4,6].  [1,3] 
. , -

,  [1,3] ,
.

, B=f(H), -
H=f(B), 

B,  – H. -
 ( ) -

dB/dH -
, -

 © ., ., ., 2010



4 ISSN 0204-3599. . . 2010.  4

,  [1,4,13]. , 
,  [11] -

 [5,10]. -
.

. 
 « »,  ( )

[7], 

)/()( eean dBdMkHMM ,                                                        (1)

 – , )( ean HM  –  (anhysteretic) ,

MHH e , e0e HB , 1, 7
0 104 , k

.
 (1) . 1, 1 -

 ( 1 ) 3  ( 1 ) 
2 . , 

 (1)  [7] 

eeeeane )/()( dBdBdMkdBHMMdB ,                     (2)

, , -

eMdB eean )( dBHM , -

 ( ) , dMk ,
.

-
 « » eMdB  [12, .2445],

. ,
 (  (1) 

,  – ). ,  (1) 
(2)  ,   (2).  ,  

eean )( dBHM , , 
,  (1) 

dBBHdBBHHdB )()( ,                                            (3)

 ( )  ( ) 
( + ). , 4, . 1

5 2 4.
, , , -

 « » . -
, , . 

 [9] 
,  « » .

 « » , .
. -

, -
. -

H(B). 
, , , -

. , -

. 1



ISSN 0204-3599. . . 2010.  4 5

, . 2, -
. ,  (

),  [3] . . 2, 
: , 

.
, 

. , -
 ( ),  [13] (

. 3),  182  (  1.44 ),
=0  134 . -

 (76 
 16 ) 

) [13] ( . 3).
-

, 1 . 3 ( -
4 6 . 4, -

VB B VB ).
-

, . 

)(B BH )(H BH ,
 ( -

)(B BH )(H BH  – -
). -

H B -
1 – )()(B BHBHH  ( .  4  –  
1 2).

             H
, , 4,  B ,

H 4
5, 

)()()( B BHBHBH .

, )(BH
B 4 V

 ( VB B B ). -
/ BBx , VB B B -

1 V. 
1

/ BB , B
2 VB B ). -

,  (
.  3),  ,  

,  
.

)(BH
»  « » , -

)1()1()( xexDHBH + xBHD )( .                                (4)

. 2

. 3

. 4



6 ISSN 0204-3599. . . 2010.  4

)B()B()(B HB HHH  – B  ( . 4 – 
3–5), D,     – .

, .  3, 
 (4):

0.22(1 )D , 0.125 , B S , 2 37.73 2.76 28.63 28.36S .             (5)

, 

, D
 ( /2  5D . 5 

D).
-

 (4)  (5) -
. , -

 (4)   (5)  -
. , -

, . 2.
-
.

, 
),  2–7 .  6,

, 1-2-3-4-5-6-7-8
. -

 ( ) , 1-
2-3-4-5-6-7 7-9-1.

. 7 , -
1 11. , 

11, , , -
, ,  [2],

-
 ( 9, 7, 5, 3, 1), 

. , 
, . 7, -

 ( ).

 ( )
 [123], 

. 
, 

, 
. 8. , 

, , 
 [1], 

,  [123].
, -

 « » 
. -

 « »  (
) , -

. -
. -

. -

. 5

. 6

. 7



ISSN 0204-3599. . . 2010.  4 7

, , -
, . 9.

. -
 ( )

, , -
.

B=f(H). -
B–H, H(B) B(H).

1. ., .  //
. . – 2002. –  5. – . 7–13.

2. ., . 
. . 1. // . . – 1999. –  1. – . 22–27.

3. ., . 
. . 2. // . . – 1999. –  2. – . 7–13.

4. ., ., ., . 
 // . . – 2006. –  3. – . 3–8.

5. Benabou A., Clenet S., Piriou F. Adaptation of the frequency dependent Jiles-Atherton model with B as
entry variable // Int. Journ. Appl. Electromagn. and Mech. – 2004. – Vol. 19. –  1–4. – . 187–191.

6. Dupre L.R., Van Keer R., Melkebeek J.A A., Moroz Y.I., Zirka S.E. Hysteresis models for transient
simulation // Lecture Notes in Comp. Science and Eng. – 2001. Vol. 18. – Springer. P . 105–112.

7. Jiles D.C., Atherton D.L. Theory of ferromagnetic hysteresis // Journ. Magnetism and Magn. Materials. –
1986. – Vol. 61. – P. 48–60.

8. Mayergoyz I.D. Mathematical models of hysteresis. – N. Y.: Springer-Verlag, 1991. – 207 p.
9. Miljavec D., Zidari  B. Introducing a domain flexing function in the Jiles–Atherton hysteresis model //

Journ. Magnetism and Magn. Materials. – 2008. – Vol. 320. – P .763–768.
10. O'Kelly D. Simulation of transient and steady-state magnetization characteristics with hysteresis // Proc.

IEE . – 1977. – Vol. 124. –  6. – P . 578–582.
11. Takacs J. Mathematics of hysteretic phenomena. – Berlin: Wiley-VCH, 2003. – 161 p.
12. Venkataraman R., Krishnaprasad P.S. Qualitative analysis of a bulk ferromagnetic hysteresis model //

Proc. 37th IEEE Conf. Decision & Control, Tampa, USA, 1998. – P . 2443–2448.
13. Zirka S.E., Moroz Y.I., Marketos P., Moses A.J. Viscosity-based magnetodynamic model of soft magnetic

materials // IEEE Trans. Magn. – 2006. – Vol. 42. –  9. – . 2121–2132.
14. Zirka S.E., Moroz Y.I., Marketos P., Moses A.J., Jiles D.C., Matsuo T. Generalization of the classical

method for calculating dynamic hysteresis loops in grain-oriented electrical steels // IEEE Trans. Magn. – 2008. – Vol.
44. –  9. – . 2113–2126.

 15.12.09

. 8                                                            . 9



8 ISSN 0204-3599. . . 2010.  4

 621.314.572

V.Oleschuk, Dr.of Sc., G.Griva, Ph.D. (Politecnico di Torino, Turin, Italy), R.Prudeak, A.Sizov (Power
Engineering Institute of the Academy of Sciences of Moldova, Kishinev, Moldova)

DUAL INVERTERS WITH SYNCHRONIZED PWM FOR PHOTOVOLTAIC
GENERATION

Analysis of operation of photovoltaic system on the base of dual inverters with synchronized pulsewidth modulation
(PWM), supplied by two strings of photovoltaic panels and connected to a grid by a three-phase transformer with the
open winding configuration on primary side, has been performed. Algorithms of synchronized PWM are based in this
case on continuous control of the switching frequencies of two inverters as function of magnitude of the DC-links
voltage, providing both continuous voltage synchronization in each inverter and in the load, and also an improvement
of operation of photovoltaic systems during solar irradiance fluctuation.

 ( ), 
-

. -
, -

, -
.

Introduction. Cascaded (dual) two-level converters which utilize two standard three-phase voltage
source inverters are now between perspective topologies of power converters [3, 15, 16]. In particular, dual
inverter-fed open-end winding motor drives have some advantages such as redundancy of the space-vector
combinations and the absence of neutral point fluctuations [2, 5, 13, 14]. These new drive topologies provide
also one of the best possible use of semiconductor switches.

Almost all versions of classical space-vector PWM are based on the asynchronous principle, which
results in sub-harmonics (of the fundamental frequency) in the spectrum of the output voltage of converters,
which are very undesirable in medium/high power applications [6,7]. In order to provide voltage synchroni-
zation in dual inverter-fed drives, a novel method of synchronized PWM has been applied for control of these

systems with single DC voltage source [10], and
for the systems with two DC sources: without
power balancing between sources [11], and also
with power balancing PWM algorithms in a
linear control range [9].

Besides adjustable speed AC drives,
photovoltaic systems are between perspective
areas of application of the dual-inverter topology
[4],[12]. In particular, Fig. 1 presents dual inver-
ter system supplied by two insulated strings of
photovoltaic panels with the resulting DC volta-
ges VL and VH [4]. Direct connection of photo-
voltaic modules to inverters, or their connection
through DC/DC link (dashed lines in Fig. 1) is
available in this case. Dual inverters are connec-
ted to a grid by a three-phase low-frequency
transformer with the open winding configuration
on primary side, and this configuration is one of

 © Oleschuk V., Griva G., Prudeak R., Sizov A., 2010

Fig. 1
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the most suitable for photovoltaic systems with a higher power range, allowing also galvanic isolation
between low-voltage photovoltaic panels and the power grid.

Dissemination of a novel method of synchronized space-vector PWM for control of power conversion
system on the base of cascaded inverters for photovoltaic application has been done in [12]. So, this paper
presents further development of modulation strategy for flexible PWM control of dual inverters, which is based on
continuous variation of switching frequencies of the two inverters as function of magnitudes of the DC-links
voltages (strings of photovoltaic panels).

Photovoltaic System with Controlled Switching Frequency of Dual Inverters. It is known,
that rational phase shift between output voltage waveforms of the two cascaded inverters (with equal
switching frequencies) is equal to one half of the switching interval (sub-cycle) [15]. In the case, when
the two DC-link voltage sources have equal voltages (VL=VH), the resulting voltage space-vectors of
dual-inverter system are equal to the space-vector patterns of conventional three-level inverter [3, 5, 15]

The phase voltages V1,  V2,  V3 of the system with two insulated DC-link sources (Fig. 1) are
calculated in accordance with (1) (4) [13]:

                                           V0 = 1/3(V1L + V2L + V3L + V1H +  V2H + V3H),                                        (1)

                                           V1 = V1L + V1H  - V0 ,                                                                                (2)

                                           V2 = V2L + V2H  - V0  ,                                                                               (3)

                                           V3 = V3L + V3H  - V0 ,                                                                                (4)

where V1L, V2L, V3L, V1H, V2H, V3H are the corresponding pole voltages of each three-phase inverter (Fig. 1),
V0  is the zero sequence (tripled harmonic components) voltage.

Control of photovoltaic power conversion systems on the base of dual inverters has some peculiarities.
In the case of direct connection between the two photovoltaic strings and the two inverters, in order to provide
maximum power point tracking of photovoltaic panels, control of the system should be based on the
corresponding specific regulation of modulation indices of dual inverters [4]. And this control is somewhat
similar to power sharing process between two dual inverters for traction systems, analyzed in [5, 9].

Also, the fundamental frequency of the phase voltages of dual inverters should be equal to the
fundamental frequency of the grid. In the case of fluctuation of the grid frequency the inverters’ fundamental
frequency should be correlated correspondingly. And control of each inverter in dual-inverter system can be
often based on both under-modulation and over-modulation PWM algorithms.

In order to provide maximum power point tracking of photovoltaic panels and stabilization of the
magnitude of the fundamental harmonic of the phase voltage of a dual-inverter system for photovoltaic
application, the corresponding control system has been proposed, described and verified [4]. In particular, in
the case of low DC-links voltages (it corresponds to low solar irradiance) modulation indices mH and mL of
the two inverters should be high, and the phase voltage has three-level waveform.

In the case of higher DC-link voltages (this control mode corresponds to higher level of solar
irradiance), modulation indices of the two modulated inverters should be decreased correspondingly, in order
to provide close to constant amplitude of the phase voltage during solar irradiance fluctuations. Analysis of
operation of photovoltaic system on the base of cascaded inverters with simplified algorithms of
synchronized PWM has been done in [12].

In order to increase effectiveness of operation of dual three-phase systems on the base of two
inverters supplied by isolated DC sources (with equal or different voltages), it is rational to adjust
continuously switching frequency of each modulated inverter in function of voltage magnitude of DC
sources (under condition of similar switching losses of two inverters). In particular, inverters supplied by the
higher DC-voltage should be operated at lower switching frequency (at the rated switching frequency of the
corresponding switches of inverters), and if inverters are supplied by the lower DC-voltage, their switching
frequency can be increased correspondingly.

In the case of different voltages of two DC sources, the inverter supplied by the higher voltage VH
should be operated at lower switching frequency Fs2, and the inverter supplied by the lower voltage VL
should be operated at higher switching frequency Fs1:

Fs1 VL = Fs2 VH .      (5)
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Properties of the Method of Synchronized PWM. In order to avoid asynchronous operation of
systems with conventional space-vector modulation, novel space-vector-based method of synchronized
PWM [8], can be used for control of each inverter in a dual-inverter system for photovoltaic application.
Fig. 2, a,b presents switching state sequences and basic voltage waveforms of standard three-phase inverter
inside the interval 00 900. It illustrates schematically basic continuous (Fig. 2, a) and discontinuous (Fig. 2,
b) versions of space-vector pulsewidth modulation.

The upper  traces in  Fig.  2
are switching state sequences (in
accordance with conventional de-
signnation [8]), then – the corres-
pondding phase voltages of each
inverter. The lower traces in Fig. 2,
a,b show the corresponding
quarter-wave of the line-to-line
output voltage of inverters. Signals

j represent total switch-on dura-
tions during switching sub-inter-
vals , signals k  are generated
on the borders (Fig. 2, a) or in the
centres (Fig. 2, b) of the corres-
pondding -signals. Widths of
notches k  represent duration of
zero sequences [8].

So, one of the basic ideas
of the proposed PWM method is
in continuous synchronisation of
the positions of all central signals

1  in the centres of the 600-clock-
intervals (to fix positions of 1  in
the centres of the cycles), and then
– to generate symmetrically all
other active - and -signals,
together with the correspondding
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notches. Table presents generalized properties and basic control correlations for the proposed method of
synchronized PWM [9]. It is also compared here with conventional asynchronous space-vector modulation. In
particular, for dual-inverter photovoltaic system with constant switching frequency of inverters it is possible to
use simplified algorithm of synchronized PWM [12], but for the systems with controlled switching frequencies
of inverters it is necessary to provide full-scale dissemination (like for AC drives) of the method of

synchronized PWM [8].
Synchronous Operation of the System

with Controlled Switching Frequency of Dual
Inverters. Synchronous control of the output
voltage of each inverter of dual-inverter-based
system in accordance with algorithms of synchro-
nized PWM provides synchronous symmetrical
regulation of the phase voltages V1, V2 and V3 of the
system. Rational phase shift between output voltage
waveforms of the two inverters in the case of equal
DC-links voltages (VH=VL)  is  equal  to  one  half  of
the switching interval (sub-cycle) [15], and in the
case of different DC-links voltages (and different
switching frequencies of two inverters) this shift
should be equal to average value of the halves of
the corresponding switching intervals.

To illustrate processes in photovoltaic system
on the base of cascaded inverters with controlled
switching frequencies, supplied by two isolated DC
sources with equal voltages (VL =VH,), Fig. 3 – Fig. 4
present results of MATLAB-based simulation of the
system with both continuous (Fig. 3) and discontinuous
(Fig. 4) versions of synchronized PWM.

Fig. 3, a shows basic voltage waveforms of
the system with continuous synchronized PWM
with high DC-links voltage (VL=VH=Vdc-high)
during period of the fundamental frequency F=50
Hz (switching frequency Fs=1.2 kHz and
modulation index m=0.45 are relatively low here).
Fig. 3, b presents basic voltage waveforms for the
600-interval of the period of the fundamental
frequency, and, in particular, it shows more in
details the corresponding phase shift 2/  between
waveforms of the two inverters, and the
corresponding signals 1 , 2 , 3 , 4 (see Fig. 2, a
and Table) on the boundaries of line voltage
waveform. Fig. 3, c presents phase voltage
spectrum for this control mode.

Fig. 4 presents detailed (inside the 600-
interval) voltage waveforms (Fig. 4, a) and spectrum
of the phase voltage (Fig. 4, b)  for  the  system  with
discontinuous synchronized PWM (Fig. 2, b),
operating under low DC-links voltage (VL=VH=Vdc-
low (Vdc-low=0,5Vdc-high), in particular, it can
corresponds to low level of solar irradiance). And this
control regime is characterized by relatively high
values of switching frequency Fs=2,4 kHz and
modulation index m=0,9. So, phase voltage
waveforms of the system are characterized in this case

a

b

         c

Fig. 3
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much better spectral composition than for the systems with relatively high DC-voltages and lower switching
frequencies of inverters (see the corresponding phase voltage spectra presented in Fig. 3, c (high DC-voltage and
low switching frequency of the system, voltage spectrum is not very good here), and in Fig. 4, b (low DC-voltage

and higher switching frequency of the system, and
voltage spectrum almost does not contain low-order
harmonics in this case).

Analysis of voltage waveforms and spectral
characteristics of the phase voltage of photovoltaic
systems on the base of cascaded inverters with
controlled switching frequency shows that for any
control modes the algorithms of synchronized PWM
(both of continuous and discontinuous synchronized
PWM) provide symmetry of the phase voltage, and
its spectra do not contain even harmonics and sub-
harmonics for any operating conditions of the
systems.

Spectral  Assessment  of  Quality  of  the
Phase Voltage of Photovoltaic System. Total
Harmonic Distortion (THD) factor of voltage and
current is one of the most suitable criteria for
analysis of power quality in grid-connected
photovoltaic systems. In particular, in accordance
with the majority of standards for 50-Hz power
systems, total voltage harmonic distortion has to be
calculated up to the 40th voltage harmonic [1]. Fig. 5
presents the calculation results of Total Harmonic
Distortion factor (THD) for the phase voltage V1 in
the function of modulation index m=m1=m2,  of  the
dual-inverter system on the base of dual inverters
with equal DC-links voltages (VH=VL), controlled by
algorithms of continuous (CPWM) and
discontinuous (DPWM) schemes of synchronized
modulation. The THD factor

        (
40

2

2
11 )/1(

1 k k
VVTHD )

has  been  calculated  until  the  40-th  low-order  (k-th)
voltage harmonic. The fundamental frequency of the
system is F=50 Hz, and the THD factor has been
calculated for two values of the average switching
frequency of each modulated inverter: Fs=1.2 kHz
and Fs=2.4 kHz.

The presented in Fig. 5 calculation results
show big dependence of the THD factor on switching
frequency of inverters. So, the proposed flexible
control of switching frequency of dual inverters in
function of DC-links voltages (voltages of two
strings of photovoltaic panels) during fluctuation of
solar irradiance can improve strongly effectiveness
of processes of photovoltaic generation.

Conclusion.  It  has  been  shown,  that  a  full-
scale dissemination of a novel method of synchro-
nized PWM for control of dual inverters for

photovoltaic application can provide effective variation of switching frequency of inverters under condition
of equivalence of switching losses in each inverter. In particular, the proposed continuous control of

      a

b

          Fig. 4

Fig. 5
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switching frequency of dual inverters as function of DC-links voltages (voltages of two strings of
photovoltaic panels) during fluctuation of solar irradiance can improve effectiveness of processes of
photovoltaic generation. The spectra of the phase voltages of dual-inverters-based photovoltaic system with
synchronized PWM do not contain in this case even harmonics and sub-harmonics for any operating
conditions.
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