2018

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 4, APRIL 2012

Optimization and Design of a Cascaded DC/DC
Converter Devoted to Grid-Connected
Photovoltaic Systems

Stéphane Vighetti, Jean-Paul Ferrieux, and Yves Lembeye

Abstract—The integration of photovoltaic (PV) modules in
buildings causes problems with shadows that can strongly reduce
the energy produced by these systems. Moreover, most PV mod-
ules are designed for stand-alone applications that have output
voltage adapted to lead batteries. Indeed, this historical sizing of
PV modules can be discussed in the case of grid-connected systems.
In this paper, a cascaded dc/dc converter based on boost chopper
is proposed. First, the advantages and the limits of this topology
will be shown. Second, this topology will be optimized to maximize
the efficiency or minimize the volume. The originality of this opti-
mization is that the converters’ parameters and the arrangement
of the PV cells are variable parameters. Indeed, the optimization is
done on the entire system. To realize these optimizations, semiem-
piric models of losses and volumes of different components of a
boost chopper were developed. The optimization uses a successive
quadratic programming algorithm. Considering the optimization
results over the whole range of the specifications, a flexible solution
is developed and experimental results are presented. Finally, opti-
mized topologies connected to several PV are evaluated at different
situations of typical shadows.

Index Terms—DC/DC converter, optimization, photovoltaic,
power electronics, shade.

NOMENCLATURE

PV Photovoltaic.

MPPT Maximum power point tracking.

Vei, I.;, and P,; Input voltage, input current, and input
power.

Vi, I, and P, Output voltage, output current, and output
power.

o Duty cycle.

n Number of PV cells per converter.

Ntot Total number of cells.

m Number of converters.

F Switching frequency.

AT Input current ripple.

L Input inductance of a boost converter.
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Rason Static drain-source on state resistance of
MOSFET.

Coss Output capacitance of MOSFET.

Irm Maximum reverse recovery current.

Cq Capacitance of diode.

Qrr Reverse recovery charge.

Vi Forward voltage.

n Efficiency.

Irr Irradiation.

I. INTRODUCTION

HIS study deals with the optimization of the conversion

line for a grid-connected PV. Grid-connected applications
have experienced strong development over the past few years,
thanks to the very attractive price incentives of the electricity
produced by this kind of application [1], [2]. This study is aimed
at residential PV installations. The typical power of this system
is included between 1 and 5 kWp. It is assumed that the PV
technology used is a crystalline one, because of its large spread-
ing on the current market [3]. These devices, with their strong
building integration and their development in urban zones can
be subjected to severe shadows. Under these conditions, the PV
field works under mismatching conditions that can lead to im-
portant power losses [4], [5]. The proposed solution will have
to decrease the effects of shadow and keep the reliability and
the cost imposed by the market [6]-[9]. This work focuses on
the choice of different stages of conversion and the arrangement
of the PV cells. The topology, the sizing, and the technology of
different stages of conversion will be determined to define the
optimum topology based on the characteristics of the PV cells.

II. STUDIED PV FIELD TOPOLOGY

The state of the art has revealed numerous advantages of
cascaded dc/dc converters between PV modules and the inverter
to reduce the impact of shadow and maximize the produced
energy [10]. The boost converter has become of great interest in
this field topology. Indeed, its voltage rising, its high efficiency,
its reliability, the possibility of implementing a MPPT, and its
low price are decisive advantages [11], [12]. Thus, numerous
interests can be brought by this field topology (see Fig. 1). This
topology will be studied in this paper.

Moreover, the historical stand-alone applications have led
to a PV module’s output adapted to the lead battery (12
or 24 V). This sizing can be discussed for grid-connected
applications; however, few papers reconsider it. Nowadays,
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Fig. 2. PSIM simulations scheme.

power electronics is optimized with industrial PV modules. This
work develops two main originalities:

1) the optimization is made on the entire system;

2) the historical PV sizing is reconsidered.

The dc/ac stage is not studied here but further information
can be found in [13]-[15] and [34]-[36].

III. VALIDATION OF THE TOPOLOGY USED

Some simulations have been carried out to check the correct
operating of the topology introduced in Fig. 1.

The following hypotheses have been made in these
simulations:

1) two cascaded boost converters;

2) three PV cells per converter;

3) components are ideal;

4) the resistance R, (see Fig. 2) simulates an inverter con-
nected to the grid. The adaptation of its value allows us to
extract the whole power;

5) PV cells have a voltage of 0.6 V and a current of 5 A under
standard test conditions (STC);

6) the nominal duty cycle « of converters is 0.5;

7) each boost operates in continuous conduction mode.

The simulation scheme is shown in Fig. 2. The different pa-

rameters and results are presented in Table I.

The first simulation checks the nominal operating point (sim-
ulation 1). All PV cells have the same operating point and the
topology is able to extract the entire available power of each PV
cell.

Moreover, these simulations can be of interest to this topology
in the case of shadow. Indeed, simulation 2 illustrates a case
where two PV generators have two different working points and
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TABLE I
PARAMETERS AND RESULTS OF SIMULATION REALIZED WITH PSIM

Simulation 1 | Simulation 2 | Simulation 3

Vel 1.8V 1.5V 15V
Tel 5A 25A 1A
Pel IW 3.75W 1.5W
al 0.5 0.646 0
Ve2 1.8V 1.8V 1.8V
Ie2 5A 5A SA
Pe2 IW IW IW
a2 0.5 0.292 0.75
Vs 712V 72V 72V
Is 25A 1.77 A 1.25 A
Ps 18 W 12.75 W IW

shows that this topology is able to balance currents. Every boost
can supply the whole input power to the output, and is also able
to regulate the output voltage at the desired value [12]. In this
simulation, duty cycles are recalculated in order to obtain the
same output voltage for unbalanced cases. For real cases, duty
cycles will be tuned by using an individual MPPT.

To study this system, it can be noted that the output current in
a series string of converters must be equal, and the constraints
for boost converters are Vi, < Vi and [;, > I,y¢. A limit can
appear when one PV generator is shaded; its current will fall.
If this value is lower than the string output current, the string
output current must be set to the value of the shaded cell current.
In order to avoid this state, the topology is able to shunt the
weak PV generator, thanks to the reverse diode of the MOSFET
(simulation 3). In this case, all other cells can normally work
and continue to provide the maximum of their energy. The weak
cell(s) is (are) then shunted.

Simulations have been carried out using PSIM software. They
confirm that the topology can work in any rate of conditions,
which is of real interest in the case of shadow.

IV. ToPOLOGY OPTIMIZATION

This study aims to adapt the PV modules and the converters
for a grid-connected application. An optimization of the effi-
ciency or the volume of the topology introduced in Fig. 1 has
been accomplished. The goal of this optimization is to find the
“n” and “m” pair to maximize produced energy. The number
“n” is the number of cells to connect in series on the input of
each boost and “m” is the number of boosts to cascade. This
optimization must also define the optimum working point of the
boost (frequency, input ripple current, and input voltage). Fig. 3
shows the topology to optimize.

The maximum number of cells is set in the first optimiza-
tion to 144, which represents the number of cells of two cur-
rent PV modules. This restriction limits the voltage ratio of
the converters to 5 in order to decrease losses in the boost.
A 5-in-multicrystalline cell has been used to realize this work
(Photowatt, PW 1650, 165 W).

The field of definition of the different parameters is defined
in Table II. These values are directly set by the characteristics
of the topology and its working constraints.

Table II also defines the limits of the optimization and the
validity of models of losses and volumes that are developed in
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TABLE II
FIELD OF DEFINITION OF THE PARAMETERS
Parameter Field of definition
n 1<n<144
m 1<m<144
Ny 144
Frequency 20 kHz <F <200 kHz
Input ripple current of boost 10 % < AI <50 %
Input inductance of boost 0.9 uH <L <6.5 mH
Semiconductor voltage rate 0V<V<400V
Semiconductor current rate 5A<I<I0A
Cell current 5A
Cell voltage 0.6 V
Duty cycle 0.76

the next part. The range of value of inductor “L” is calculated
in continuous-conduction mode which represents the usual case
of operating

oV
L= AIF’

ey

Whatever the choice of the parameters “m” or “n,” the duty
cycle a has the same value (0.76) corresponding to the cell input
voltage (0.6 V) and the output voltage (360 V). Consequently,
the value of L is determined with relation (1) and the ranges of
parameters are defined in Table II.

V. MODELS OF LOSSES AND VOLUMES
A. Models of Losses

Losses in a boost converter are due to four components: the
inductance, the MOSFET, the diode, and the capacitor. It is
assumed that capacitor losses are neglected considering its weak
influence in front of other components.

Concerning the semiconductor, conduction losses, switching
losses and also Miller effect losses were modeled with the clas-
sical model. The model of these losses is based on the following
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TABLE III
MODELS OF THE VOLTAGE-DEPENDENT PARAMETERS
Equations
R, =1.51x107xV, —0.1143 4)
Losses in
Mosfet | Cos =5:33%V, —824x107x7,} s
+4.11x10™° x V2 =7.71x10™° XV, +5.56x10™" )
Lossesin |7 —=56x107xV)* (6)
Mosfet il ¢
1ndu.ced by Cd =992%1 0—10 X Vd—OS (7)
diode
Losses in | Qe =1.30x107"" x 7, # ®)
diode |y =235x107°xV, +0.421 )
equations:

1
LOSSCSMOS = Rdson X Ifms + 5 X V;n X (ITon + IRM)
1
X (ton +tRM) X F+ 5 X IToff X toi‘f X Vm

1
X F + 5 % (Coss + Ca) x Vi x F )
Lossesp = VF(I) X Idmoy + Vi X Qrr X F. 3)

An important work of modeling and normalization of the differ-
ent parameters (Rasons Coss» Cas @rr IrM, V) has also been
carried out to express losses in semiconductors [16]. This work
is based on different datasheets of various manufacturers. Some
hypotheses have been proposed. The current slope at the turn-on
of the MOS is defined at the average value of 200 A-us~! and
tom 18 fixed to 40 ns. Vi is studied for a current of 5 A. In this
case, previous parameters only depend on the voltage rating of
the semiconductor and can be normalized according to this pa-
rameter. Therefore, the evolution of each influent parameter on
the losses of semiconductors is known according to the voltage
of the semiconductor. The equations of the model are shown in
Table III.

Concerning inductance losses, it has been necessary to pre-
calculate them to obtain a table of values according to the fre-
quency F, the ripple current A7, and also the inductance value
L. Inductor design has been performed by using a MATLAB
tool based on Dowell method for copper losses and Steinmetz
approach for magnetizing losses [17]-[19]. To obtain the deriv-
able function needed for the optimization process, these results
have been linearized using Featuring General Optimisation Tool
(FGOT) [20]. This linearization has given equation (3) that rep-
resents the evolution of losses according to the previously pre-
sented parameters

Losses_L = —2.77655435 x 101 + 1040.912614 x L
+3.136132503 x 1072 x AT + 13.4766738
X AT x L —4.25 x 107% x AT* +1.709015082
x 1070 x F +1.283492743 x 107% x F x L
—5.0x107% x AI x L. (3)
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Fig. 4. Volume of inductor versus its value.

This equation is defined for the field of definition shown in
Table II.

B. Models of Volume

The models of volume have been fitted by using some real
cases sizing for heatsinks and inductors and by using datasheets
for capacitors [16].

Basically, the volume of a semiconductor can be considered as
the volume of the cooling system needed to refresh the chip. So,
with datasheets of chips and heatsinks, an equation of the volume
in function of needed thermal resistance has been defined

Vol_rad = 5.68 x 10™* X Rinraq — 1.48. (4)

For the inductor, its volume is deduced from the design tool
mentioned earlier and the results are shown in Fig. 4.

This volume depends on the dimensions of core and the num-
ber of turns and these dimensions are directly linked to the value
of inductance (12). On the other hand, the switching frequency
and current ripple have a negligible influence on this volume

Vol L = 5912 x 1077 x arctan(4.192 x 107 x L).  (5)

Finally, the volume of the capacitor has been studied by refer-
ring to the datasheet values of electrolytic capacitors and it has
been shown that the volume of the capacitor evolves linearly
according to the applied voltage

Volcapa = 1.17 x 1078 x Vo +3.13 x 107", (6)

VI. VALIDATION OF THE LOSSES MODELS

Before optimizing the topology, the model of losses presented
in the previous section needs to be validated. So the results
given by these models were compared to losses calculated by
the design of two real converters. The results are presented in
Table I'V.

It can be noted that results obtained by the two methods are
quite similar; the differences are less than 5%. The results of
losses calculation in diodes and inductance are less accurate but
their low values do not impact the global result. So, models can
be considered as coherent and sufficiently accurate for the first
optimization approach.
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TABLE IV
COMPARISON OF THE OPTIMIZATION AND THE DESIGN VALUES

1 converter 8 converters
(F=20kHz, AT=50% | (F=37 kHz, AI=17 %
and L = 1.313 mH) and L =225 pH)
Calculated |Optimization| Calculated |Optimization
values values values values
Lossesin | 5 yy 231W | 388W 38,1W
Mosfet
Lossesin | gy 2,1 W 4,8 W 515W
diodes
Lossesin | 340w 25w 3I3W | 402w
inductance
Total losses| 26.2 W 277W | 469W 472 W
TABLE V
RESULTS OF THE TWO OPTIMIZATIONS
1 European Volume
Parameters maximising minimising
optimization optimization
m 2.02 9.63
n 71.3 14.96
F 31511 Hz 122 302 Hz
Al 12% 50 %
L 1700 uH 223 pH
Volume 408 cm® 235 cm®
Neuro 94.8 % 87.1%

VII. OPTIMIZATIONS RESULTS WITHOUT SHADOW

Two optimizations were accomplished: the first one for
the minimization of the volume of the converter and, the
second one, for the maximization of European efficiency.
This European efficiency takes into account the variation of
the solar resource during one day and one year. This effi-
ciency can be viewed like an energetic efficiency. Its expres-
S10N 1S Neuro = 0.03 X N5 + 0.06 X 119 + 0.13 X 199 + 0.1 X
130 + 0.48 X n50 + 0.2 X 1199 (7) where 7, is the efficiency
at x% of the typical power [21]. The different optimizations
have been carried out with the software CADES [22]. For this
work, a determinist algorithm has been used. The results are
shown in Table V.

A. Maximization of the European Efficiency

In this optimization, all parameters are continuous, even if
m and n are in reality two integer parameters. The solution
given by the optimization is 2.02 converters. This solution is
physically impossible. Nevertheless, this solution is very close to
the topology with two converters. After checking, the difference
of the parameters between both cases is negligible.

Fig. 5 shows that the efficiency is maximal for a topology
with two converters and efficiency decreases as the number of
converters increases.

The optimization of the European efficiency leads to a topol-
ogy with two converters and 72 PV cells per converter. Each
converter operates at 30 kHz frequency and the ripple input
current A7 is 12%. This optimization shows that the efficiency
remains high (greater than 90%) while the number of converters
is under 10.
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TABLE VI
RESULTS OF THE OPTIMIZATION WITH 1ot = 288

Parameters | n European maximising optimization
m 1.76
n 163
F 21.63 kHz
Al 10 %
L 3.1 mH
Volume 668 cm’
Neuro 97.3 %

B. Minimization of the Volume

The optimal solution when leading to a minimal volume is
close to 10 converters. The frequency (122 kHz) and the in-
put ripple current (50%) are much higher than the European
efficiency optimization topology.

The minimum volume is 235 cm?. This volume is two times
less than the volume of the optimized efficiency topology. The
efficiency of this optimized volume topology falls to 87.1%.

This volume optimization shows that volumes of the opti-
mized efficiency topology remain reasonable compare to the
optimal volume. Moreover, the volume is less restrictive than
efficiency. The available volume on the back of the PV mod-
ule is enough to insert many converters. Consequently, only the
efficiency will be taken into account in the following study.

C. Sensitivity of the Optimization to the Specifications

To check the results obtained and to check the sensitivity of
these results to the specifications and to the parameters of the
models, some other optimizations have been done.

1) Sensitivity to the Specifications: First, the specifications
have been modified. In this optimization, the total number of
PV cells “nio¢” is equal to 288. All the other parameters are
kept constant. The results of this optimization with the new
specification are shown in Table VI.

The efficiency of this structure is higher than in the first
optimization. The input voltage is higher in this case, so the
converter has a smaller voltage ratio (near to 2). The efficiency
is logically better in this case.

For this optimization and for the optimization with 144 PV
cells, the optimum is a structure with two converters. The input
voltage has no influence on the optimum. The position of the
optimum is determined by the output voltage of the converter.
These converters are optimum for an output voltage of 180 V.
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TABLE VII
CHARACTERISTICS OF THE OPTIMUM CONVERTERS FOR THE FOUR SCENARIOS

Optimisation Number of | Nominal input | Nominal output
converter voltage (V) voltage (V)

144 - linear 2.02>2 36 190

144 - arctan 4.13>4 18 95

288 - linear 1.76 22 72 190

288 - arctan 390> 4 36 95

All the other parameters of the specifications have no impact
on the results.

2) Sensitivity to the Parameters of the Models: Second, the
sensitivity of the optimization to the parameters of the models
has been checked and has shown that the optimization is not
sensitive to the modification of the parameters of the models.
Only one parameter has an impact on the results in function of its
modeling. The repartition of Rqs,, in function of the MOSFET
voltage is dispersed, so this parameter is difficult to linearize.

In this study, the linearization of Ry, 1S made with a linear
function and with an “arctan” function (see Fig. 6). The results
are different and the “arctan” approximation gives optimum
structure with more converters.

The optimum structure depends on the specifications of the
PV system and on the modeling of R,y . The different optimum
structures are shown in Table VII.

A flexible technical solution able to adapt to different speci-
fications is developed in the next section.

VIII. FLEXIBLE DC/DC CONVERTER

According to the optimization results from Table VII, a dc/dc
converter has been realized in order to validate the result of
the optimized topologies. The converter has been built in two
different ways. One way is to maximize the efficiency and the
second way is to have a flexible converter which can run with a
wide range of input/output voltage and power. The concept of a
flexible converter is presented in [23].

A. Flexible Converter

The converter has to be able to accept a wide range of powers
and input/output voltage values. All this work permits a con-
verter which could be used for several sizes of PV modules, so
with several powers and voltage values. The converter can boost
input voltage value from below 7 V up to 450 V and can run



VIGHETTI et al.: OPTIMIZATION AND DESIGN OF A CASCADED DC/DC CONVERTER DEVOTED TO GRID-CONNECTED PV SYSTEMS

TVe WQ—D} 1\/1 W-l_ﬁrm TVS

Fig. 7. Cascaded boost converter scheme.

TABLE VIII
CONFIGURATION OF THE CONVERTER VERSUS THE OPTIMIZATION RESULTS

Optimisation Configuration of the converter
144 - linear Cascaded Boost 1 and Boost2
144 - arcos Boost 1
288 - linear Boost 2
288 - arcos Boost 1

from 6 to 500 W. In order to respond to this flexible function, the
converter has been realized with two cascaded boosts as shown
in Fig. 7 [10]. According to the input and output voltage values
from the specifications, the converter makes possible the use of
only a single boost or both.

Each boost has been built on the same architecture; the dif-
ferences between the two boosts are the current and voltage
constraints on components.

Connecting boosts in cascade with different ratings permits
switching between several configurations according to the opti-
mization shown in Table VIII.

B. Optimization of the Efficiency

The converter is built with the purpose of optimizing the ef-
ficiency without taking care of the volume. The only constraint
imposed is the thickness which has to be lower than the alu-
minum frame of a PV module.

In order to maximize the efficiency, technologies used for
semiconductors are CoolMos and SiC diode. CoolMos gives
better performances than traditional MOSFET in the switching
and on-state losses [24]. The lower forward voltage drop and
switching losses of the SiC Schottky diodes provide a better effi-
ciency than the conventional silicon diode [25]. The first stage is
realized with 100 V voltage rate components (Vishay MOSFET
SUP90ON10-8m8P and Schottky diode16CTT100). The second
one uses Infineon CoolMOS (IPP60R199CP) and SiC rectifier
(SDT12S560).

The two inductors have been realized with the same planar
core (GER 44*27*10) and Litz wire (20 turns for the first boost
and 30 turns for the second boost, and 0.8 mm airgap for both).

The frequency, the current ripple, and the inductance value
are chosen according to the European efficiency optimization
results (see Table V).

A microcontroller is used to control the converter which
has the characteristic of being small and having very low
consumption.

C. Experimental Tests

An MPPT program has been implanted in the device. The
MPPT algorithm is based on the Hill Climbing method [26].
This method is simple, gives an accurate tracking of the maxi-

PV panel
simulator

DC/DC converter.

DC/DC converter

TABLE IX
TEST RESULTS
N Maximal European
Optimisation efficiency efficiency
144 - linear 96.80 95.78
144 - arctan 97.1 96.12
288 - linear 98.07 97.68
288 - arctan 98.10 97.26
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mum power point, and can be easily programmed in a numerical
control. Other new techniques of MPPT can improve the effi-
ciency of the whole system [27]-[30], [37], [38].

Experimental test and measurement of the efficiency have
been performed in order to compare to them simulation results.
The results of this test are shown in Table IX.

Experimental results are coherent with the optimization re-
sults. The converter (see Fig. 8) is able to work in all specifica-
tions given by the optimizations and maintain good efficiency.
This converter can be easily adapted to different PV field topol-

ogy.

IX. INTEGRATION OF THE SHADOW EFFECTS

The optimizations and the test performed in the previous
paragraphs do not take into account different shadow issues.
When a PV cell is shaded, the power loss is proportional to
the severity and surface of the shadow. Moreover, the shaded
cell can impact all the cells connected in series [31]. If by-pass
diodes are put in antiparallel, a shaded cell can be enough to
shunt all cells linked to the same by-pass diode. The impact of
the shaded cells on the energy produced may be very different
according to their positions. In this study, the impact of the
shadow on the energy production is realized on 144 PV cells
using a linear model for R, ; nevertheless, these results can
be translated for other cases.

A. Influence of the Shadow Position

Both minimal and maximal shadow cases have been simu-
lated. Indeed, shaded cells may all be located on the same group
(concerned by the same by-pass diode); in this case, only this
group is affected by the shadow. This case is called “grouped”
and leads to minimal impact. The second case puts the shaded
cells in different groups (in different by-pass diodes). In this
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Fig.9. Impactof eight shaded cells on the power versus the converters number.

case, the shadow has a maximum impact on the output power.
This case is called “dispatched.”

The study of a particular case in which 8 of the 144 cells are
shaded (see Fig. 9) has shown that the position of the shaded
cells can divide the output power by nearly 2.

These results are strongly linked to the number and the posi-
tion of shaded cells, and to the severity of the shadow.

B. Model of Shadow Effects

A program has been written to take into account the depen-
dence of the previous results on the number of shaded cells,
to their positions on the module, to the number of converters,
and to the solar irradiance. The program is able to calculate the
annual PV energy produced by a PV system on a roof in which
a chimney is casting a shadow.

Inputs: The position of the module on the roof and the size
of the chimney can be defined. The program uses the real solar
resource of the considered geographical situation to calculate
the position and the power of the sun. It uses the data given
by the different optimizations to define the parameters of the
converters used.

Outputs: The calculation of the power output is performed
for every hour and is considered constant during this hour. The
power output calculation takes into account the number of PV
cells shaded, the solar power and its position, and the efficiency
of the converter at this working point.

To obtain the energy produced during one year, the program
calculates the integration of the output power. Some examples
of results are studied in the following paragraphs.

C. Study at Constant Solar Irradiance

Before studying a real case, a study at constant solar irra-
diance has been done. In this test, the classical solution will
be compared to topologies with two, three, four, six, and eight
boosts for different cases of shadow. The output power will be
the quantity compared to define the best topology in this case.
Here, this test is made under STC and the shadow has an opaque-
ness of 50%. The study of the classical solution with only one
converter (m = 1) takes into account the effect of by-pass diodes
each 18 cells.
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Fig. 11.  Studied case.

The results of these comparisons presented in Fig. 10 high-
light some conclusions.

The topologies proposed in this paper are more efficient than
the classical solution when there are 20 to 90 shaded cells. The
results are the same if the shaded PV cells are dispatched.

When there is no shade and all the fields are shaded, the
topology with two boosts is the most competitive topology.

D. Effect of a Chimney

Previously, the shadow was modeled by a number of shaded
cells and the impact has been estimated for a particular working
point. In this part, to have a more realistic case and to take into
account the daily and annual evolution of solar irradiance, the
study will be done on a typical case.

The study will estimate the energy that different topologies
can produce during one year with a typical shadow. The typical
shadow chosen here is due to a chimney located on the southeast
of the PV modules (see Fig. 11). The chimney shades between
2 and 28 PV cells from 2 P.M. to 4 P.M.. The solar data used here
is based on Grenoble (southeast of France, 45° parallel) [32].

The classical solution is able to produce between 410 kWh (if
the shaded PV cells are grouped) and 380 kWh (if the shaded PV
cells are dispatched) (see Figs. 12 and 13). The PV installation
has a typical power of 340 W.

The energy values obtained are coherent with the average
values for the region of Grenoble, France (between 1100 and
1200 Wh/Wp installed) [32]. This remark confirms the validity
and the accuracy of the models and MATLAB program.
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When the shaded PV cells are grouped, the topology with two
boosts is the most efficient.

The topologies with two, three, and four boosts have a similar
annual energy production. These topologies produce nearly 10%
more energy than the classical solution.

The topologies with six and eight boosts are less efficient than
topologies with two, three, and four boosts, but they remain more
efficient than the classical solution.

When the shaded PV cells are dispatched, the results are
similar to the previous case but the levels of energy produced
are smaller. The topologies with two, three, and four boosts
clearly remain more efficient than the classical topology. The
topology with two boosts remains the most efficient. On the
other hand, the topologies with six or eight boosts have inferior
or similar performances to the classical solution.

Output energies of different topologies drop with the number
of boosts. This evolution follows the same curve of the output
power found during the optimization, so these two results are
coherent.

The study with a typical shadow confirms that the topology
with two boosts is the most efficient.

X. EFFECT OF AN IMPORTANT MISMATCH

Previous studies have shown that the topology with two boosts
is the most efficient. To confirm the interest of this topology
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compared with the classical solution, a study with an important
heterogeneous irradiation on the PV field has been carried out.

To make this heterogeneous irradiation, a different level of
irradiation has been applied to PV cells. The distribution of the
solar irradiation (Irr in W-m~2) on PV cells has the following
pattern:

1) 75% of PV cells receive 100% of Irryy,, i.e., 108 cells

receive 1000 W-m~2;
2) 15% of PV cells receive 50% of Irryy,, 1.€., 22 cells receive

500 W-m~—2;

3) 5% of PV cells receive 25% of Irryyp, i.e., 7 cells receive
250 W-m~2;

4) 5% of PV cells receive 0% of Irryy), i.e., 7 cells receive
0OW-m2.

These heterogeneous irradiation levels simulate the condi-
tions in an urban context on a building integrated installation.
In these installations, PV panels can have different orientations
and inclinations, different levels of soiling, and some punctual
soiling (droppings, leafs, etc.) [33].

The first comparison was been done on a day in summer (see
Fig. 14). Under these conditions, the topology with two boosts is
able to produce 1523 Wh while the classical solution produces
only 963 Wh. The increase of the produced energy with the
proposed topology is close to 60%.

The second comparison was been done on a day in winter.
Under these conditions, the topology with two boosts is able
to produce 369 Wh when the classical solution produces only
261 Wh. The increase of the produced energy with the proposed
topology is 40%.

These simulations have shown that in a hard environ-
ment (building integrated installations) the topology with two
boosts is able to produce much more energy than the classical
solution.

XI. CONCLUSION

An optimization of a cascaded dc/dc converter devoted to
grid-connected PV system has been proposed. This converter is
based on a boost chopper circuit.

The correct operation and the advantages and the limits
of this circuit have been checked by simulations on PSIM
software.
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Models of losses and volume of the boost have been developed
to realize the optimizations.

However, the optimum depends on different parameters. To
respond to these different variations, a flexible converter has
been realized and tested. The experimental results confirm the
extreme modularity and the good efficiency of this converter.

A particular study for a PV generator of 144 cells has been
done. Under these conditions, the best solution is a topology
with two boosts and with 72 PV cells per boost. The study of the
shadow effects on these topologies confirms these results. This
optimum topology (with two boosts) is also the most efficient
when the PV field is shaded. In a typical case (shadow of a
chimney), it is able to produce 4% extra energy. The increase
of the produced energy can reach up to 60% of the classical
solution in the case of an important irradiation mismatch on the
PV field.

The properties of the PV field distributed topology are very
interesting when the PV power generation systems have a par-
tial shadowing issue. This distributed converter topology can
strongly reduce the drawbacks related to building integrated PV
systems.
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