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Abstract: - In this paper, a novel SDCM (sine duty-cycle modulation) scheme for photovoltaic (PV) single-
phase power inverter is presented. Unlike popular SPWM (sine pulse width modulation) strategies, the
SDCM control scheme consists of a minimum number or building components, while offering a robust
feedback control topology. The main DC power to be converted, is delivered by an upstream PV panel.
Then, a SDCM circuit with appropriate basic modulation frequency, is used as a switching driver for power
MOSFETs of a single phase H-bridge inverter. The merits of the proposed SDCM control scheme, are proven
using analytical developments, followed by relevant virtual simulations conducted on a prototyping power
inverter within Multisim software framework. Moreover, the virtual simulation results obtained are presented,
in order to show the high quality of the proposed class of SDCM control schemes for PV Single-phase power
mverters.

Key-Words: - Sine duty-cycle modulation, control scheme, open-loop control, photovoltaic, single-phase,
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1 Introduction PV (photovoltaic) inverters [4-7]. However, in most
A power inverter is a controlled interfacing of these pioneering works,.the great emphasis is on
systems, between a main DC energy source and the improvement or extension of existing SPWM
an AC load to be supplied. Although power (sine pulse width modulation) control strategy for
inverters are widely encountered in industrial PV—based. energy systems. More':over, according to a
electronics for a wide variety of technical few available recent scientific papers, many
applications, they are increasingly used nowadays weaknes'ses are hldd?n behlnq the basic PWM
in solar power systems [1-3]. A number of research (pulse Wldth modulathn) principle, e.g., complexity
works have been published so far on single-phase of triangle modulation clock, open-loop control

topology, constant modulation frequency and more.
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The originality of this research paper is to study a
novel high frequency switching modulation
topology for single-phase power inverters for single-
phase AC loads. It is founded on a simple DCM
(duty-cycle modulation) strategy, initiated earlier
since 2005 [8] for industrial instrumentation
purpose. Over years, it has been increasingly used
further as a versatile modulation technique, for
solving a wide variety of instrumentation problems,
including ADC (analog-to-digital conversion)[9]-
[10], DAC (digital-to-analog conversion) [11-13],
and analog signal transmission [14-16]. However,
according to our best knowledge, the first recent
applications of DCM control schemes in power
electronics is restricted to the class of DC-DC power
converters, e.g., Buck converters [17], Boost
converters [18] and new digital modulation drivers
[19].

Therefore, the novelty of this paper is to show
from analytical developments and virtual simulation
basis, that unlike popular SPWM (sine pulse width
modulation) strategies with hidden relevant
weaknesses, the proposed novel SDCM (sine duty-
cycle modulating) control scheme, offers minimum
hardware simplicity, lower implementation costs,
attractive modulation properties and quality for
PV-based single-phase inverters.

In section 2 of this paper, the SDCM principle is
outlined. Then, the SDCM control scheme for PV-
based single-phase inverters is detailed in section 3.
Furthermore, in section 3, virtual simulations is
conducted on a prototyping power inverter system
and the relevant results obtained and related
findings are presented, followed by the conclusion
of the paper in section 4.

2 Principle of SDCM Strategy

The SDCM strategy recalled in this section is a
signal processing technique, allowing to transform a
sine wave input u(t) = a sin(2x f; t + 0) into a
switching modulated wave um(x(t)) = um(t) with
time varying pulse width Ton(u(t)) = Ton(t) and
period Tm(u(t)) = Twm(t). In that case, the modulating
input can be recovered from the DCM function
Rm(x(t)) = R(t) where Rin(t) = Ton(t)/Tm(t). Although
the SDCM principle seems apparently intricate, it is
fortunately surprising to discover as shown in Fig.
1 that, compared to a basic PWM circuit (Fig. 1(a)),
a DCM circuit (Fig. 1(a) however relies on
minimum building components. Indeed, it consists
of a single integrated operational amplifier,
associated with four passive components with
design parameters R1, R2, R3 and C1 respectively.
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Fig. 1 SPWM (a) and SDCM (b) circuits

From Fig. 1(b), it is important to recall that the
Fourier’s series of the time varying periodic

Tu(u(t)) = Tm(t) of the SDCM wave, could be
written as follows ([11-15]):

u, u(t)) = u, (¢) = G (u(1))

+ g(c,, (u(t)) cos [2 zTn T (L(t))] J M

where,

G, (u@) = (2 R (u(t)— 1) Vee
co-{ )t

n

@)

n>1

B

h{%ua)—(lm) Vcc]

T, @) _ opu(®) +(oq —1) Vee

T (u(t)) ln{(azu(z)f_((l-kal) Vcc)2] 3)
(au®))” (5 1) Vee)

R, (@) =
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Fig. 2 Spectra of PWM and DCM waves for the
same basic modulation frequency

It is important to outline the fact that for a SPWM
strategy, the modulation period Tr in (1) is a pure
constant parameter, while Ry, (u(t)) in (2) is a linear
function of u(t) since Ton(u(t)) and Tosr (u(t)) = Tm-
Ton(u(t)) are linear over the involved modulating
space. Moreover, although (3) is apparently a
dreadful nonlinear function, it has been shown that
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it is rigorously linear in a wide vicinity of the rating
point (Rnw=0, u=1/2). Therefore, the linear
expression obtained from the first order Taylor
series of (3) is given by,

R, () = p a4, where
S N
Vee (1 + a, )
Pm = 1+« @)
log{ 1 ]
1 - @,

Moreover, the basic modulation period for u (t) =0
is given by :
1+ 4

Tn(0) =2 R; 10g[l_alj where :Rlllez

As an illustrative example, given the following set
of data {Vcc =12 V, R1= 10k, R2= 8.2k, R = 10k,
C = 2 nF }, the resulting graphs obtained for {
R, (u(t)), R, (u(t)), PWM and DCM spectra}, and
presented in Fig. 2. Fig. 2(1) shows that the linear

©)

approximation R, ((u()) is exactly closed to

R, (u(?)) in a wide range estimated to [-7 volts , 7
volts], with pm = 0.0239 in (4) and {al = 0.5495,
Tm(0) = 1/20.24 kHz} in (1). In addition, as shown
in Fig. 2(b) where the graphs of normalized PWM
and DCM spectra are presented, it is clear that the
PWM strategy with constant frequency frwm(0) =
1/Tm(0)), offers a greedy frequency spectrum
compared to that of the DCM strategy. Moreover,
another relevant finding emerging from Fig. 2(b) is
that, the amplitude of DCM harmonics with rank
multiple of 3 are null. That fact might be a merit for
reducing stresses on power MOSFETs of the H-
bridge inverter, while improving the quality of the
AC load voltage downstream the power LC filter.
As a straightforward implication, the DCM wave
um(u(t)) defined by (1)-(2), indicates that a
modulating sine input given by u(t) = a sin(2n f t +
0) could be recovered from the DCM modulated
wave um(u(t)) with an eroded harmonic spectrum,
using an appropriate linear low-pass filter with gain
given as follows :
] (6)

i 1 (1+0¢1)10g[1+041
the

" 1 I=a
The palette of Equations (1)-(6) stands for
analytical demonstration of the SDCM principle
used in this paper, as a novel building strategy for
single-phase PV power inverters with pure sine
output voltage.

2 p,Vee 2a
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3 SDCM Control Scheme for Single

Phase Power Inverter

The schematic diagram of the proposed SDCM
control scheme for PV single-phase power inverters
is presented in Fig. 3.

The power electronics topology is not new and
consists of a solar medium, a PV panel with E =2
x 12 (volts), a single phase H-bridge MOSFET
inverter, a downstream low-pass filter, and an AC

AC
load

Fig. 3 SDCM scheme for single-phase PV power
inverters

load to be supplied. Moreover, the four gates of
power MOSFET switches are controlled from a
sine modulating voltage u(t) = a sin(2x f; t + 0), via
a novel SDCM circuit described in the previous
section.

Viewed from the SDCM output signal um(x(t)),
the H-bridge MOSFET inverter exactly behaves
under the sun lighting medium as a power amplifier
with ideal static gain E/Vcc, whiles the resulting
power modulated wave Up(x(t)) has the same
waveform and periodicity parameters (pulse width
Ton(x(t)), period Tm(x(t)) than um(x(t)). In this case,
the model of the switching power voltage delivered
by the H-bridge MOSFET inverter, computed from
(1)-(3) given that Rm(Us(t)) is dictated by Rm(x(t)),
i.e., Rm(Us(t)) = Rm(x(t)), is given as follows :

U,w@®)=U, ()= 4,(u) +

i(/ln (u(?)) COS[2 7 nmJ J (7)

n=1

where,

4(@)=(2R, ((®) 1) E
A, (u(0) = (4 Ej sin(n7 R, (1) ,n>1 ®

T n

with,
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ﬁAﬂMﬂ=m#@+%

)
where,
“
Vee (1 + al)
Pm = 1+ o, ] (10)
log| ——
1 - @,

Because of the similarity of (1)-(2) and (7)-(8), and
according to the SDCM principle, the power image
Us(t) of the modulating input u(t) encapsulated in
Um(x(t)), can be recovered upstream the AC load to
be supplied, using a suitable low-pass LC filter
with static gain depending on a given supplying AC
voltage required by the load.

4 Case Study of an SDCM Control

Scheme for PV Power Converter

The virtual model of the prototyping SDCM control
scheme for PV single-phase power inverters in
presented in Fig. 3. The numbers of building parts
are 1 (Main DC power supply from PV panel), 2
(H-bridge IRF840 MOSFET inverter), 3 (low-pass
LC filter), 4 (load with terminal power resistance
Ro = 250Q ), 5 (Vcc voltage source), 6 (low
frequency signal source for u(t) = 4 sin(2xw 50 t + 0)
volts, 7 (SDCM circuit), 8 (logic conformer), 9
(Virtual oscilloscope for the measurements of u(t)
and um(u(t)) waves) and 10 (virtual oscilloscope for
the measurement of u(t) and the related response
Us(t) at the load terminals.

Recall that the SDCM circuit used in Fig. 4 is the
same as that presented earlier in the illustrative
example (see Fig. 2)), where fn(0) = 1/Tm(0) =
20.24 kHz. Recall also that Ua-Ub in Fig. 4 is equal
to the power switching input voltage Um(u(t)) of
the low-pass LC filter. Moreover, the transfer
function of that LC filter is given as follows:

Ussy — 1

F(S): - 2
Un(s) LCs"+RCs+l

(11

The bode diagram of the LC filter obtained under
Matlab framework using R =200 mH, L = 150 mH,
C = 66uF is presented in Fig. 5. It is important to
observe that the modulating frequency of 50 Hz
required by the terminal AC load lies within the
pass-band of the low-pass filter, and the basic
modulation frequency fm(0) = 20.24 kHz is so far
from 50 Hz that it should be cut off completely.
As an implication, the predicted load voltage Us(t)
will be absolutely a pure sine wave.
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Fig. 4 Virtual model of prototyping SDCM control Scheme for PV single-phase power inverter
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Fig. 5 Bode diagrams of the low-pass LC filter

The modulating and modulated signals of the are presented in Fig. 6, where the amplitude of um(t)
SDCM circuit  obtained when simulating the is a =4 volts and the switching threshold levels of
prototyping virtual SDCM power inverter system, xm(t) are +Vec =+12 V.
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Fig. 7 Shapes of the modulation signal u(t) and the power voltage Us(t) for (Ro = 250 Q)

In addition, Fig. 6 shows

the shapes of

the

modulating signal u(t) and the power voltage um(t),
whereas in Fig. 7, u(t) and the predicted voltage

Us(t) delivered to

E-ISSN: 2224-266X

the load is a pure AC sine
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voltage, with basic frequency fs = 50 Hz, and stable
amplitude a = 11.5 volts which can be shifted freely
if needed, using an appropriate power transformer
(see Fig. 4).
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Before to conclude this paper, it is also
important to point out the fact that the well tested
novel SDCM control scheme presented in this
research work, is an open loop control scheme. As a
consequence, disturbances due to load changes
might lead to significant variations of the supplied
voltage Us(t) as shown in Fig. 8 for higher power
demand, e.g., Ro = 150 Q. Moreover, as
presented in Fig. 9, a lower power demand, e.g;,
Ro = 350 Q, might also leads to an unpredictable
increase in the load voltage Us(t).

In all «cases, the wundesired effects of
unpredictable disturbances, even poor static and
dynamic  performances, are the common
weaknesses  of all open-loop dynamic control
systems. Such intricate phenomena can be
satisfactory cancelled using standard feedback
control strategies available in automatic feedback
control practise.

5 Conclusion

The novelty of the SDCM control principle
presented in this paper for single phase PV power
inverters has been proven, using analytical
developments as well as computer-aided
simulations of a well tested virtual system. In
future research works, it would be interesting to
transform the virtual reality study into realistic
implementation. In would be appreciable also to
overcome the weaknesses of open-loop controls by
robust feedback control strategies.
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