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ABSTRACT: Current crystalline photovoltaic modules (Pafe designed with 36 or 72 series — connected PV
cells. Usually, in order to protect the PV cellshypass diode is connected in anti-parallel evéPY cells.
Furthermore, the series connection of PV moduleseisessary in order to obtain the input voltage tfer
converter. Yet, each PV cell has its own curreritage characteristic. The manufacturers guarantispeersion

of 3% of maximum power between solar cells; soeseonnection of heterogeneous PV cells generates
mismatch losses. Mismatch losses can increasese chshading which may greatly reduce power output
Moreover, building integrated PV (BIPV) has seerimportant development in urban areas bringing &olight
shadow related problems. This paper proposes a &di@ with an integrated power electronics topolagle to
replace bypass diodes while extracting maximum pafieach 18 PV cell string. The operating prineipf the
current balancing system (CBS) is studied with mldtipput levels and various PV generator charasties.
Five different layouts of the CBS are studied usiritd PV cell string subdivided in 18 cell groupsiethare
submitted to 21 shade scenarios. Furthermore, glimmal CBS can be implemented easily into currencé&l?
modules. Experimental results on a prototype angpewed to simulation results in chosen shade dondit The
performance analysis carried out shows interesising the 4 input level CBS rather than traditiongbdss

diode modules.

KEYWORD: Power Electronics, Energy performance, $had

1 INTRODUCTION

The grid connected application knows a strong
development these last years thanks to the vemctitte
price incentives of the electricity produced bystkind of
application [1, 2]. This study is aimed at resid@nPV
installations. It is assumed that the PV technolasgd is
a crystalline one, according to its large spreadinghe
current market [3]. These devices with their strong
buildings integration and their developments inaurb
zones are subjected to severe shadows. In thistmond
the PV field is very often working in mismatching
conditions which can bring important power lossesH,
and 6]. The proposed solution will have to decrease
effects of shadow, keep the reliability and the tcos
imposed by the market [7, 8, and 9].

This study concerns a power electronic topology
integrated to the PV module which is able to extthe
maximum power of each PV generator whatever their
characteristics. This topology operating principke
presented in the first part. The topology modeloskes
has been specified and was used to evaluate therpow
output in various lighting scenarios and differ@&@BS
layouts. The theoretical results are presented him t
paragraph 4. The final section presents the prp&éand
experimental results.

2 THE TOPOLOGY

2.1 The topology and the control

Literature reveals numerous advantages of the
balancing current topologies because they permétyev
generator to operate at their optimum power pols, [
11, 12]. The proposed topology, with n levels, is
presented on Figure 1. PV generators are connécted
series and in addition each level of the CBS is cotede
to a PV generator in parallel. The CBS is a power
electronic device designed to replace bypass dioded
in traditional PV modules. The operating principfethe

CBS is to extract the maximum power from the PV
generator by balancing global current flowing thgbu
the PV string. The power flowing through the CBSa$ n
entirely that of the PV generator, in fact, onlyeth
difference between modules flows through the CBS
bringing high efficiency values.
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Figure 1: Diagram of n-level current balancing system

The operating principle
following equations:
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Using this proposed control strategy, output \gsta
current and power can be expressed using the fiolgpw
equations:

is expressed with the

(Ea. 1)

Vs=) Ve (Eq. 2)
k=1
ls= Z;k'lek (Eq. 3)

k=1



P =Vels=Ve Y a,le, =D Ve.le,  (Eq.4)
k=1 k=1

Because all Yand L can be different, this topology
is able to extract the maximum available input poafe
heterogeneous PV generators.

2.2 The Maximum Power Point Tracker (MPPT)

The maximum power point tracking modifies all
Mosfets duty-cycle to maximize the output poweru3h
the MPPT requires only the knowledge of Vs and'le
existence and uniqueness of the MPP for this kihd o
structure is presented in [13].

3 DIFFERENT LAYOUTS OF THE CBS STUDIED

3.1 Models of Losses

To compare different CBS layouts we have defined
the waveforms and values of voltages and currents
experienced by semiconductors and inductors for
structures with n stages.

Losses in this converter are due to four companent
the inductance, the Mosfet, the diode, and thedtpa

The inductance losses have been assessed in two
different parts. The first part, the copper lossae
estimated with the Equation 5 and, the second faet,
core losses are estimated with the Equation 6184,

Losses,,, = i R(h).l oy o (Eq. 5)
h=0
LOSSES e yo = K.BZ.f° (Eq. 6)

Concerning the semiconductors, conduction losses,
switching losses but also Miller effect losses were
modeled with a classical model. The model of these
losses is based on the following equations.
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(Eq. 7)
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It is assumed that the capacitor losses are rteglec
considering its weak influence in regard of other
components.

dmoy

3.2 Different layouts of the CBS studied

The goal of this study is to design a PV modulthwi
an integrated CBS system. In order to limit the sizthe
studied module, the maximum number of cells istget
144, which represents the size of two current mesluh
comparison of four different layouts of PV moduléhwv
an integrated CBS system is done keeping the input PV
cells number and the input available power equalls.
layouts have 8 groups of 18 PV cells connecteckiies
(Figure 2). These 4 CBS layouts are also compared to
traditional PV module: 144 PV cells connected irese
with a by-pass diode all 18 PV cells.

To have the same output voltage the differentués/o
are connected to a 400 V DC bus throughout a DC/DC
converter (Figure 2) and the efficiency of thesedent
DC/DC converters is considered dependent to the input
output voltage ratio. The efficiencies of the DC/DC
converters in function of their input voltage haween
measured. They are presented in the Table 1.

Table 1: Efficiencies of the different DC/DC converters

Maximal | European

efficiency | efficiency
18 V-400V (Layout 1 & 4) 95.19 % 94.42 %
36 V —400 V (Layout 2) 96.29 % 95.45 %
72V -400V 96.57 % 95.80 9

The global efficiency of the system takes intocartt

this efficiency.
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3.3 Shading scenarios

These 4 layouts are compared in different cases of
working with the traditional solution. The PV cells
current-voltage characteristics are the real cheanatic
of 5 inch multi crystalline PV cell. These charaistics
are issue of measurements (Table 2).

Table 2: Characteristics of the PV generators at the STC

Characteristics at 1000W-hand 25°C
lel=7.11 Vel = 8.65 P1=61.50
le2 =6.91 Ve2 =8.90 P2 =61.50
le3 = 6.56 Ve3 = 8.95 P3=58.71
le4 = 6.54 Ve4 = 8.95 P4 =58.53
le5 = 6.52 Veb = 8.95 P5 =58.35
le6 = 6.52 Veb = 8.85 P6 =57.70
le7 =6.51 Ve7 = 8.95 P7 =58.26
le8 = 6.37 Ve8 = 9.05 P8 =57.65

(A V) (W)
Po = 472 W




The first case studied, is the operating in tren&ard
Test Conditions (i.e. 1000W/m2 and 25°C). All PVigel
have the same condition of irradiation and tempieeat

In order to complete this comparison, the studshef
output power is realized using 20 different shade
scenarios showed in the Figure 3.
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Figure 3: Shading scenarios

The simulated shade can impact 1, 2, 3 or 4 grofips
18 PV cells and this shadow can have an opaqu&fess
0% (no shade) to 100% (entirely shaded, no power).
Different levels of shadow are simulated: 0%, 26%,
70%, 85% and 100%.

4 THEORITICAL RESULTS

All models of losses and equations of the CBS are
computed using a Mathcad program. This program
forecasts the power losses of the topology depegnalin
the number of level and the real characteristicghef
components. Then, output power level using CBS is
compared to the one obtained with a classical neodul
PV.

4.1 Homogeneous irradiation

The Figure 4 shows the simulation results when the
irradiation is homogeneous. In these conditions the
layouts 1, 2 and 4 are more efficient than theiticathl
solution. These topologies produce 4% more powee. T
CBS with 8 levels (Layout 3) is less efficient thdre t
traditional module due to a lower efficiency of the
DC/DC converter when the input-output voltage ratio
increases.
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Figure 4: Output power at the MPP (STC)

4.2 Shadow impact

After the study of the performance of the CBS with a
homogenous irradiation, this part presents theystfd
the performance of different layouts of the CBS with
different shading scenarios. Figures 5 and 6 shuav t
performance obtained for the different topologies i

comparison with the performance of a classical PV
module.
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Figure 5. Gain of output power related to the classical
solution — One group shaded

As we can notice layouts 1, 2 and 4 are moreieffic
than the classical PV module and the CBS with 8 tevel
(Layout 3) is less efficient. This behavior is logi
because the Mosfets are designed to withstandtageol
equal to Vs. When the number of levels increades, t
voltage Vs increases so the switching losses iserea
rapidly. In fact, this increase of power lossesitbnihe
number of level.
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Figure 6: Gain of output power related to classical
solution — Four groups shaded

The integration of the shadow impact confirms the
interest of the CBS. On one hand, layouts 1, 2 and 4
increase significantly the available output power i
comparison with the traditional PV module. These
topologies can increase power production up to Hi9%
some shade scenarios. On the other hand, the atitagr
of the shadow impact in this study confirms theiténof
the CBS with 8 levels (Layout 3).

5 EXPERIMENTATION AND RESULTS

The simulations have clearly shown that the layut
is the most efficient. A prototype of a 72 multstallin
PV cells module with an integrated CBS has been
designed. The CBS have 4 levels with each level
connected to 18 PV cells at its input. The efficiernf
this prototype is compared to the efficiency of a
traditional 72 multicristallin PV cells module. The
scenarios studied are the same that the scenaidied
in simulation.

5.1 The prototype

Input voltage of the prototype is 44 V and nominal
current is 5 A. During the prototype design, alkth
components have been chosen carefully to limit the
power losses. The modulation frequency of the CE®is



kHz and the control is realised with a DsPIC.
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Figure 7: Global view of the prototype

To characterize the performances of the CBS a test
bench has been realized. This test bench is pesbsent
Figure 7. Outputs of the PV module are connecteti¢o
CBS and outputs of the CBS are connected to a Boost
and the whole is connected to an electrical load
simulating a 60V DC bus.

The input voltage and the input current of the Baust
measured and the CBS can be easily turned off. Tdreref
the performances of the PV module with and withtbet
CBS can be compared. The results of these comparisons
are presented on the Figures 8, 9 and 10.

5.2 Experimental results

The first test is realized with a homogeneous
irradiation on the PV module and the characterB{i0d)
of the PV module obtained in these conditions wsitfl
without the CBS are presented in the Figure 8. Itlian
seen that the characteristics of the module witd an
without CBS are similar.
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The second experiment is performed with
inhomogeneous irradiations using the different sitad
scenarios presented in part 3.3. In all shadingastes
the CBS increase the available output power related t
the classical PV module. The gain can reach up 45%
when 2 groups of 18 cells are shaded at 70% (T3ble

The Figure 9 presents the characteristics P(Ua of
module PV with and without CBS when one group of 18
cells is shaded at 50%.
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Figure 9: P(U) with one group shaded at 50 %

Two interesting conclusions can be made. Firg, th
module with CBS have a greater output power than a
classical module and, second, the characteristid) P(
have only one maximum against two without CBS. This
characteristic with only one maximum greatly sirfipd
the MPP research. The same two conclusions can be
made in all shading scenarios.

The Figure 10 shows the characteristic I(U) irs thi
same shading scenario.
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Figure 10: 1(U) with one group shaded at 50 %

The Table 3 presents the comparison of the
performances of the PV module with and without the
CBS.

Table 3: Output power with and without CBS in
different shading scenarios

Maximal |Maximal Powe

Power witl without CBS |Gain (%

CBS (W) (W)
Without Shadow 1  128.6 128.8 -0.17
Without Shadow 2 126.6 126.3 0.20
1 group 20 % 126.52 122.49 3.29
1 group 50 % 116.77 94.76 23.23
1 group 70 % 108.65 94.69 14.74
1 group 85 % 102.37 94.39 3.45
1 group 100 % 96.69 92.75 4.2"
2 groups 20 % 117 115.6 1.20
2 groups 50 % 95.6 81.6 17.2
2 groups 70 % 82.8 57.1 45.00
2 groups 85 % 71.9 54.8 31.2
2 groups 100 % 63.7 55.5 14.9

With a homogeneous irradiation the performances
with or without the CBS are equal. With a shade @ th
module the performances with the CBS are greater.

6 CONCLUSION

In this article, a topology of power electronics
balancer for a PV system is presented. This togoisg
able to balance the PV current to permit every PV
generator to work at its own Maximum Power Poird. T
study the interest of this Current Balancing Systam,
model of the power losses in this topology has been
developed. This model has been used to estimate the



efficiency of different layouts of the Current Balangy
System. These comparisons have shown that thetlayou
with 4 levels and 18 PV cell on each level is thesm
efficient. This optimal solution has been realizaad
experimental results show that this module with GBS
integrated is more efficient than the traditiongtgass

PV module in all conditions. This gain can very
important in case of shade (+45%).
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