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In this article, we aim at optimizing an innovative tandem structure based on polymorphous and
microcrystalline silicon for the top and bottom elementary cells, respectively, combined with an original
DCeDC converter.
The studied tandem structure is composed of two cells, each being connected to its own separate
electrodes making the structure electrically decoupled but optically coupled. In those conditions, the
constraint of current matching usually needed in the classical micromorph structures is avoided. As
a result, the robustness against the current variations is enhanced and the efﬁciency of the structure is
improved.
Since the top cell plays the main role in the determination of the transmitted part of the incoming ﬂux
to the bottom cell, the thickness of the intrinsic layer of the polymorphous cell is tuned so that the output
power of the global structure becomes maximal.
To implement the electric decoupling of two sub cells, the studied structure needs two static
converters. In order to minimize the converters bulk, we design an innovative output electric architecture and its optimized related control signals.
Ó 2011 Elsevier Ltd. All rights reserved.
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1. Introduction
Energy is central to achieving the interrelated economic, social,
and environmental aims of sustainable human development. Due
to limited fossil fuel supplies as well as increased concerns over
environmental preservation, the need for alternative methods of
power generation has become increasingly important [1]. Recently,
global warming has become one of the world wide problems.
Therefore some measure for reduction of carbon dioxide emissions
is the most urgent and important subject because it is produced in
large quantity by fossil fuels combustion and is considered as the
principal origin of the greenhouse effect. The CO2 emission has to
be reduced by a factor of 50e80% by the year 2050 [2,3].
Renewable energies (RE), in particular solar energy, are needed
to meet the growing electricity demand and at the same time to take
care of the shrinking fossil resources and to reduce global CO2
emissions. As a matter of fact, the sun represents an inexhaustible
and abundant energy source, providing the earth with a huge power
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of 1.6  109 TWh/year [4]. The amount of the world ﬁnal energy
consumption has nearly doubled within three decades: 54195 TWh
in 1973 compared to 93774 TWh in 2006 [5]. The electricity share
within the same period has jumped from 9.4% to 16.7%. Over
a population of 6 Billion, 1.8 Billion do not have access to electricity
(30% of the world population, 50% Arab world); 25% of the world
population consume more than 75% of the total world energy
supply. Admittedly, the future might not see the same degree of
dependence on oil and gas as alternative and renewable energy
sources should be employed to close the supply-demand gap.
Solar photovoltaics (PV) systems are among the most promising
electrical generation technologies to emerge in recent decades.
They are qualiﬁed as being economically viable, environmentally
friendly, sustainable, and socially equitable solution to modern
society’s energy requirements [6,7].
Just over 50 years ago, this solar-electricity technology marked
a signiﬁcant modern tipping point at Bell Telephone Laboratories
when Daryl Chapin, Gerald Pearson, and Calvin Fuller suddenly
turned a research curiosity into a viable electricity producer. Their
research innovation brought the performances of these crystalline
silicon devices from “laboratory interest” (conversion efﬁciencies
hovering at 1%) to efﬁciencies 5e8 times greater, earning their
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Nomenclature
a-Si:H
Cd
CdTe
CIGS
Ge
In
I-layer
JeV
MPPT
N-layer
PECVD
P-layer
pm-Si:H
PeV
PWM
RF
Se
Si
Te
mc-Si:H

Hydrogenated amorphous silicon
Cadmium
Cadmium telluride
Copper Indium Gallium (di) Selenide
Germanium
Indium
“Intrinsic” layer (nominally undoped)
Current densityeVoltage characteristic
Maximum Power Point Tracking
n-type doped layer
Plasma Enhanced Chemical Vapor Deposition
p-type doped layer
Hydrogenated polymorphous silicon
Power densityeVoltage characteristic
Pulse Width Modulated
Radio Frequency
Selenium
Silicon
Tellurium
Hydrogenated microcrystalline silicon

consideration as real electrical power sources. The PV industrial
emergence began in the early 1960s because solar cells could
provide reliable power for remote applications such as space
vehicles, off-grid villages, remote telephone relays, emergency call
boxes, etc. Photovoltaic worldwide production is recently dedicated
to grid applications [8], which leads to a major evolution of PV
industry and a great increase of the installed capacity. For instance,
the European installed capacity has increased from 4279 MWp in
2007 to 7910 MWp in 2008 and PVs are estimated to provide about
12% of the European electricity consumption by 2020 [9,10].
PV value is straightforward and truly the power of choice for
grid connection that provide a more stable energy environment
and economy if new challenged are taken into account in that: it
has to reduce drastically the cost of produced peak power and
reaching high production level which implies the development of
industrial processes exclusively based on abundant materials such
as Silicon (Si) [11].
PV technology includes a number of signiﬁcant component
performance “gaps” for various crystalline, polycrystalline, and
amorphous; bulk, as well as thin-ﬁlm technologies. Monocrystalline Si cell technology is becoming mature with high electrical efﬁciency of 13e15%. As far as raw materials and cost
effectiveness are concerned, monocrystalline Si PV technologies
appear to be limited in mass production because of a quite high
process cost [12] and the use of silver in the electric contact electrode. Moreover, thin ﬁlm technologies growth (CIGS and CdTe) will
be limited mainly by the availability and/or the toxicity of different
materials composing this technology (e.g., Te, In, Ge, Cd and Se)
[12,13]. Finally, thin-ﬁlm silicon solar cells technologies could reach
the terawatt production level as claimed in the IPCC report [14].
This expected result is supported by the numerous researches
which have allowed to reach high deposition rates combined with
good quality silicon thin ﬁlms using different deposition techniques
[15e18] leading to higher efﬁciency solar cells. In addition this
technology seems to be more interesting in term of cost and CO2
emission than the classical monocrystalline one [9,19]. However,
when using PECVD method, the prevalent form of silicon obtained
is hydrogenated amorphous silicon (a-Si:H), which presents two
drawbacks. Firstly, the energy bandgap is slightly too high

(1.7e1.8 eV) [20] to convert a high portion of near infrared photons
that are present in the solar spectrum [21]. Secondly, the amorphous network leads to chemical bonding defects in the material
structure: weak SieSi bonds and dangling bonds. In addition, it is
now well known that additional defects are created under light
effect [22], leading to a degradation of solar cell efﬁciency during
the ﬁrst months of operation.
Many researches have been devoted to improve amorphous
silicon electronic properties. This has led to new promising silicon
materials: hydrogenated polymorphous silicon (pm-Si:H) and
hydrogenated microcrystalline silicon (mc-Si:H). These two semiconductors generally are produced by low temperature PECVD
techniques like for a-Si:H, thus sharing the same facilities and large
area production potential. In order to be capable of processing such
materials, deposition conditions have to be monitored. Microcrystalline silicon is generally fabricated at low pressure and needs higher
hydrogen content in the gas mixture. It has a lower bandgap than aSi:H, and exhibits almost no light induced degradation. Polymorphous silicon is a heterogeneous material processed at higher
pressure and higher power in a regime close to the powder regime,
where nanoparticles formed in the plasma are deposited onto the
substrate and embedded in an amorphous matrix [23e27]. It has
been shown that pm-Si:H has a lower defect density than a-Si:H, and
a better stability, while the bandgap energy is slightly larger [15].
Besides their promising electronic qualities, the use of both pmSi:H and mc-Si:H allows us to cover a larger spectral range
compared to that of a-Si:H and therefore increase the electric
output of the PV modules. This has led to the proposition of
combining, in a tandem structure, of two elementary cells made
respectively of mc-Si:H (called bottom cell) and pm-Si:H (called top
cell). This kind of thin ﬁlm Si multijunction solar cells is considered,
in our work, to be a potential method leading to new way of integrating the power electronics devices close to the modules.
The aim of this article is to present a system that combines
a tandem structure solar cell with an original static converter as well
as a simulation procedure adopted to optimize the studied structure.
2. Studied structure
The tandem cell concept consists in putting together in the same
structure two solar cells made of materials that have different
bandgap energies, for a better matching of the bandgap and
incoming photons energy. The bottom cell is made of materials
with a low bandgap such as microcrystalline silicon and the top cell
materials have higher bandgap such as amorphous and polymorphous silicon. This structure permits to extend the spectral
range of high collection efﬁciency [27]. Indeed the top cell has
a better photo response in the blue region while the bottom cell is
more efﬁcient in the red and infrared regions.
In previous work, we have already discussed the best choice for
cells connection in tandem structures [26]. Two ways of associating
the cells were studied and compared: (i) the classical structure in
which the two cells are electrically and optically coupled, called the
2-wires structure, and (ii) an innovative structure for which the
electrical constraint is relaxed by the electrical decoupling of
the two cells, called the 4-wires structure. Our study led to the
conclusion that the 4-wires structure is, in any case, better than the
traditional 2-wires one. Moreover, we can argue a much more robust
maximum power point. So the structure selected to be studied in
this work is the 4-wires one. It consists of two independent cells,
each of theme needs its own two electrodes connected to its P and N
layers (Fig. 1a). The advantage of this structure compared to the
classical one, made by a successive layer deposition (Fig. 1b), is that
the two sub cells can work with different currents and so there is no
need to match their currents. This leads to a more efﬁcient structure.
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dk ¼ 1 

1751

ðVPVk ÞMPP
VO

(1)

Where VO is the regulated load voltage.
As the maximum power voltage range is not so large, the duty
cycle range is not considerable, which is a good point for power
converter design optimization.
In the series case, each MPPT algorithm also computes its PWM
duty cycle dk independently, but, in this circumstance, dk value is
determined as follows:

dk ¼ 1 

ðVPVk ÞMPP
ðVO Þk

(2)

with (VO)k the output voltage of each converter which can be
calculated by a power balance:

b

ðVO Þk ¼

ðPPVk ÞMPP
VO
PO

(3)

Hence, in case of cells mismatching (ageing effects, environmental conditions as temperature or light spectrum.), (VO)k can
vary a lot inducing a duty cycle wide range which is negative as far
as power device design is concerned (with respect to control and
power efﬁciency). Consequently, this study is based on the parallel
connection of boost converters.

a
LI1

D1

VPV1

I D1

I S1
Fig. 1. Two kinds of tandem connection and the associated power converter: (a) 4wires structure (b) 2-wires structure.

As the two cells of this considered structure (4-wires) are
electrically decoupled, this design needs a dedicated architecture to
add the electric powers provided by the top and the bottom cells.
Thus, each sub-cell supplies its power to the external load through
an associated power converter. This enables both blocks, made of
sub-cell and sub-converter, having either the same current (which
leads to series connection) and the same voltage (which leads to
parallel connection).
The converter can be either a voltage step-up (boost converter)
or a voltage step-down (buck converter) device. As PV cells are low
voltage power sources and loads are high voltage devices, and in
order to reduce Joule effect losses, it is mandatory to use a boost
converter at the output of a PV module. The two independent boost
converters can be associated either in parallel or in series (Fig. 2).
Each connection is suitable for independent power tracking.
In the parallel case, each MPPT algorithm computes the
controlled switch PWM duty cycle dk that enables its cell to work at
its maximum power point:

Electric
Load

CO

S1
IPV1

In this work the top cell is made of pm-Si:H because of its proven
better electronic properties and better stability compared to the
conventional a-Si:H [28e31]. In addition the optical bandgap of pmSi:H is slightly larger than the a-Si:H one.
The pm-Si:H is characterized by a high absorption index thus it
requires a few hundreds thin active layer to convert its useful
spectrum [300 nme720 nm]. In contrast, the mm-Si:H cell has
a lower absorption coefﬁcient which imposes a wider intrinsic layer.
3. Associated static converter

I CO
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uS1
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LI2

D2

VPV2

I D2

I S2
V S2

uS2
S2
IPV2

b
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I load VO
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(CO ) 1

(VO )1
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IPV1
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LI2

D2

VPV2

I D2

I S2
VS2

uS2

(CO ) 2

(VO )2

S2
IPV2

I load

Fig. 2. Two types of power converter connections: (a) boost converters in parallel (b)
boost converters in series.
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4. Simulation tools and procedure
The simulation of the studied structure is performed in two
successive steps using two different tools. First the pm-Si:H/mc-Si:H
structure, without its associated converter, is optimized so that it
produces the maximum power. Then, after computing the corresponding output current and voltage for both top and bottom cells,
we design the associated optimized converter.
To optimize the studied structure and evaluate its output power
we mainly used numerical simulation software developed by the
Hahn-Meitner Institut (now Helmholtz Zentrum) in Berlin. The
software called “AFORS-HET” (Automat FOR Simulation of HETerostructures) is dedicated to heterojunction solar cells [32]. It allows
extracting different macroscopic characteristics in dark conditions
or under sun illumination. For each structure, it enables to introduce different proﬁles of defects in the energy bandgap of each
layer forming the cell.
In order to optimize the electrical architecture (boost converters
connected in parallel), the widespread matlab/simulink interface is
used. It allows implementing both any control law (MPPT in our
case) and any converter (currently boost converter) by taking
advantage of the power dedicated toolbox called “Sim Power
Systems library”. It also facilitates curves drawing and waveform
analyses (Fast Fourier Transform, etc.) [33].

4.1. Optimization of pm-Si:H/mc-Si:H structure
The ﬁrst step consists in tuning the thicknesses of the different
layers of the top and bottom cells in order to obtain the maximum
output power of the structure. The incident ﬂux ﬁrst goes through
the top pm-Si:H cell, which absorbs part of the photons and
transmits the remaining part to the bottom cell. Consequently, the
top cell plays the main role and the thickness of its active I-layer
must be determined accurately. The role of the P- and N- layers is to
create the junctions and the internal electrical ﬁeld through the
intrinsic layers with a minimum of absorption, so they must be
chosen as thin as possible. For the thickness of the microcrystalline
intrinsic layer, it can be ﬁxed to reasonable value, sufﬁciently large
to absorb most of the output ﬂux coming from the top cell. For
silicon thin ﬁlm tandem structures, this layer width is generally
larger than one micron, so it is ﬁxed at 1.5 mm. The thicknesses of all
the layers are given in Table 1.
The key factor determining the thickness of the intrinsic layer of
the pm-Si:H cell is the ageing process happening during the ﬁrst
months of illumination, called light-soaking. It is known that
amorphous silicon thin ﬁlms are characterized by two kinds of
defects: the network defects linked to the weak bonds and the deep
defects linked to the dangling bonds. According to the StaeblerWronsky effect, under illumination, some weak bonds are broken
leading to the creation of new dangling bonds [22].
The ﬁrst kind of defects is usually modelled by two exponential
bandtails situated in both sides of the bandgap. The second one,
even if it is known to be of amphoteric type [34], can be modelled

by two Gaussian continuous distributions of monovalent states
[35,36].
In order to account for the light-soaking phenomenon on the
performance of the pm-Si:H cell, we modelled the creation of new
dangling bonds by increasing the magnitude of the Gaussian
distributions (Dmax) without varying their widths.
Fig. 3 illustrates the variations of pm-Si:H cell efﬁciency against
the pm-Si:H intrinsic layer thickness for different values of Dmax
introduced in the simulation. It can be observed the decrease of the
cell efﬁciency by increasing Dmax for a given thickness. This is mainly
due to the decrease of carrier diffusion length and screening of the
electric ﬁeld when the density of deep defects is increased. In addition and for a given Dmax the cell efﬁciency ﬁrst increases with the
increase of the intrinsic layer thickness up to an optimal value, and
then decreases (the decrease occurs at larger thickness for the lowest
defect density and is not visible on this ﬁgure). This is due to two
phenomena acting concurrently: (i) on the one hand the widening of
the intrinsic layer leads to the increase of photogenerated carriers (ii)
the probability for the created carriers to recombine before reaching
the electrodes becomes higher. Therefore, the optimal thickness
decreases since the defect density is increased.
From this simulation the location of the optimal thickness is
determined for different states of the pm-Si:H materials as reported
in Table 2.
Admittedly and in order to take into account the degradation
caused by light soaking, it is necessary to limit the thickness of the
intrinsic layer of the pm-Si:H cell to values lower than 500 nm.
With regards to this fact and to estimate the output power of the
studied tandem structure, we optimized the intrinsic layer thickness of the top cell to be within the interval [50 nme450 nm].
The procedure adopted to perform our simulation is illustrated
in Fig. 4 and summarized as follows:
 Application of standard AM1.5 illumination as an input ﬂux of
the top pm-Si:H cell.
 Variation of the intrinsic layer thickness of the top cell from
50 nm to 450 nm with a step of 50 nm.
 Calculation of the output ﬂux of the pm-Si:H cell for each
thickness.
 This last one is introduced as an input ﬂux of the mc-Si:H cell.
 Computation of JeV and PeV curves for both cells.

Table 1
Thicknesses of the different layers of pm-Si:H and mc-Si:H cells introduced in the
simulation.

mc-Si:H cell

pm-Si:H cell

P-Layer
I-layer
N-layer

Material

Thickness (nm)

Material

Thickness (nm)

a-SiC:H
Pm-Si:H
a-Si:H

15
Variable
20

mc-Si:H
mc-Si:H

25
1500
20

a-Si:H

Fig. 3. pm-Si:H cell efﬁciency as a function of pm-Si:H intrinsic layer thickness for
three values of the Gaussian distribution peak value Dmax: 5  1015 cm3 eV1,
1  1016 cm3 eV1, 1  1017 cm3 eV1.
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Table 2
Optimal pm-Si:H thickness for the different material states.
State

Dmax (cm3 eV1)

Optimal thickness (mm)

As deposited
Intermediate
Light-soaked

5  1015
1  1016
1  1017

Beyond 4
2.7
0.3

Finally using the PeV curves, the maximum power is determined by adding the maximum power of elementary cells.
4.2. Static converter design and optimization
In order to improve the output efﬁciency of photovoltaic panels,
it is important to operate the energy conversion systems near the
maximum power point [37], so the objective of the control scheme
is to track the maximum power point of both cells whatever the
load requirements and the environmental conditions. For that
purpose, the control algorithm can settle the PWM commands
uS1(t) and uS2(t). These two variables provide three degrees of
freedom. As a matter of fact, while operating at the same switching
frequency FS, they are characterized by their own duty cycles d1 and
d2 as well as the phase shift f1/2 between uS1(t) and uS2(t). As
explained in section 3, the duty cycles d1 and d2 are computed in
order to fulﬁl the maximum power requirements (eq. (1)).
The remaining degree of freedom f1/2 can be used for further
optimization. As the studied converters have to be integrated as
close as possible to the photovoltaic module, their dimensions are
a design key point. For this reason, it is important to minimize
passive components size (inductors and capacitors). The boost
output current iDk(t) is a square shape with FS frequency, (1-dk) duty
cycle and IPVk magnitude. As any cyclic variable, iDk(t) can be written
as a Fourier series. The computation leads to the following
expression:

iDk ðtÞ ¼ ð1  dk ÞIk þ 2ð1  dk ÞIk

N
X
sinð[dk pÞ
cosð[uS ðt  Tk ÞÞ
[dk p
[¼1

(4)

Fig. 5. Maximum outputs of elementary cells as well as the global tandem structure
versus polymorphous intrinsic layer thickness.

Since the output capacitor function is to ﬁlter any switching
frequencies, one can assume that its current is:

iCO ðtÞ ¼ 2ð1  d1 ÞI1


N
X
sinð[d1 pÞ
cosð[uS ðt  T1 ÞÞ þ 2ð1  d2 ÞI2
[d1 p
[¼1

N
X
sinð[d2 pÞ
[¼1

[d2 p

cosð[uS ðt  T2 ÞÞ
(5)

As capacitor ﬁltering increases with frequency rise, the best
choice is to minimize the ﬁrst harmonic rank. This choice reduces
any odd harmonic rank and settles the phase shift value (f1/2)
which is the last degree of freedom:

T2  T1 ¼

TS
2

(6)

5. Results and discussion
The simulation results are divided in three sets: (i) the ﬁrst
concerns the studied structure including individual cells results
after light soaking (ii) the second is dedicated to the associated

Fig. 4. Simulation steps for the 4-wires tandem structure.

Fig. 6. JeV curves of both pm-Si:H and mc-Si:H cells and for different pm-Si:H I-layer
thickness.
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Table 3
Voltage and current values for the two elementary cells at the maximum power
peak.
VMP
pm-Si:H cell
mc-Si:H cell

peak

(mV)

567.5
386.2

IMP

peak

a

First winding
Leakage
magnetic path
in the
core window

(mA)

10.08
7.52

converter (iii) the third part discusses the beneﬁt of the converter
panel integration.

5.1. Elementary cells and 4-wires structure results
For the ﬁrst set, the maximum output power of the two sub cells
as well as that of the global structure against the pm-Si:H intrinsic
layer thickness are presented in Fig. 5. Then the electrical characteristics (J-V) curves of the top and bottom cells for two values of
the top intrinsic layer thickness are reported on Fig. 6.
We can extract, from Fig. 5, the suitable thickness of the pm-S:H
intrinsic layer to obtain the maximum output power of the structure. This depends on the performance of both top and bottom cells.
For the top cell, as we have introduced it previously, and as a result

Second winding

b

D1

V PV1

I D1

VO
I CO
CO

*
V S1
S1

E lectric
Load

IPV 1
V PV2

D2

*

I D2

V S2

a

S2
IPV 2
Fig. 8. The proposed power converter: (a) the coupled inductors (b) the interleaved
power converter.

b

of the ageing process during light soaking, the light-soaked stabilized pm-Si:H cell presents an optimal value which is located in
our case around 300 nm. However, since the microcrystalline cell is
not affected by this process, its performance depends only on
the fraction of ﬂux transmitted by the top cell. Consequently, the
thinner the top cell, the better the bottom cell efﬁciency. The
combination of the two results explains that the optimal thickness
for the pm-Si:H I-layer in the tandem structure is lower than for the
pm-Si:H cell alone, and it is found to be around 200 nm.
A mismatching current in the two cells is observed when
looking at the JeV curves of Fig. 6 at the already determined
optimal thickness (200 nm). This means that to obtain the
maximum power provided by the global structure it is necessary to
exploit each cell independently. In addition and for a better electric
power, the 4-wires structure is much more robust against current
variations because it is no more constrained by the matching
condition, as opposed to the classical 2-wires tandem structure,
which is obviously more sensitive to current ﬂuctuations caused by
any outdoor conditions or manufacturing process.
5.2. Associated static converter results

Fig. 7. Output capacitor current and voltage: (a) phase shift equal to 0 (b) phase shift
equal to p.

In this section the simulation results of the electrical architecture are presented. This study is based on the previous values
extracted from 4-wires structure simulations. As introduced before,
the main parameters are the voltage and current of both cells corresponding to the maximum output power of the global structure.
These values are summarized in the Table 3.
The following simulations are based on a top module made of
twenty elementary top cells of roughly 1 A current output. The
bottom module also consists of twenty elementary bottom cells of
roughly 0.75 A. These values are calculated according to Table 3 and
considering that both top and bottom cells have similar area.

F. Dadouche et al. / Energy 36 (2011) 1749e1757

a

b

1755

inductors (Fig. 8). This transformer is characterized by self inductances L1 and L2 and the mutual inductance M.
In this case, DC component and low frequency current are
ﬁltered by the leakage inductance. This last one is designed by
choosing the leakage magnetic path in the winding core window.
Most of the high frequency current (linked to switching ripples) are
ﬁltered by the mutual inductance which value is much larger than
the basic inductor value. As a result this latter must have a low
permeability material in order to store the DC energy (1/2  LI2).
Consequently, this chosen design leads to a small inductor value
whereas the transformer doesn’t face the same constraint.
The input current waveforms are reported on Fig. 9a; the signals
present high current ripples at the switching frequency FS. By
integrating the two inductors into a same transformer, this
frequency almost disappears and the current ripples magnitude is
hence much smaller (Fig. 9b). The transformer has the same leakage
inductance Lleakage ¼ 50 mH, but its mutual inductance is much
higher M ¼ 5 mH.

5.3. Converter panel integration
In the previous section, we demonstrated that using a power
converter based on coupled inductors leads to a smaller size device
than the classical boost architecture. But from a system point of
view, it is mandatory to ensure that the operating point of each
panel remains as close as possible to its optimal value. That is the
reason why we compare the output power of the two possible
associations.

a
Ptop (pm-Si:H)

11.6
11.5
11.4
11.3
11.2

1.493

1.494

1.495

1.493

1.494

1.495

1.496

1.497

1.498

1.499

1.5

1.496 1.497
Time (ms)

1.498

1.499

1.5

5.6
5.4

b

pm-Si :H top panel

Panneau amorphe

µm-Si :H bottom panel

1
0.9

1

0.8
0.7

0.8

IM

0.6
0.6

0.4

Iµ m-Si :H

IA

The switching frequency FS is ﬁxed at 500 kHz, the inductors
values are set to LI1 ¼ LI2 ¼ 50 mH and the output capacitor value is
CO ¼ 500 nF. The variations of output capacitor current and voltage
are reported on Fig. 7.
Figure 7-a illustrates an inappropriate tuning corresponding to
a phase shift value of 0 and leading to a large current magnitude at
the switching frequency FS. However, Figure 7-b shows the optimal
case; the phase shift value is equal to p. This set of control
parameters leads to a much smaller current magnitude with a very
small fundamental frequency FS; the main harmonic component is
obviously 2 FS, a frequency which is hence twice easier to ﬁlter. That
is the reason why the output voltage ripple is drastically reduced in
this optimal case.
By choosing both parallel connection and interleaving technique
of the control signals, it is possible to minimize the output ﬁlter
(output capacitor) dimensions and improve efﬁciency. But the
input part of the converter behaves as if there was a single
converter. Therefore the interleaving technique does not lead to any
current ripple decrease. In order to reduce the inductors bulk, these
input inductors can be interlaced [38e42]. By building them on
a same magnetic core, we introduce a transformer instead of two

5.8

Ipm-Si :H

Fig. 9. Photovoltaic array currents: (a) with classic coil inductors (b) with intercell
transformer.
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Fig. 10. Electrical output characteristics of top and bottom photovoltaic panels associated with their parallel boost converters controlled by interleaved PWM signals: (a)
output power (b) operating point.
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a

further losses, the global system is more stable and has a smaller
size.
6. Conclusion

b

It is clear that PV is the fastest growing electricity source over
the past year and past ﬁve years, we have to provide the technical
expertise, the resources, the creativity and innovation to keep the
progress on. In this work a simulation study of an innovative
tandem pm-Si:H/mc-Si:H structure associated to an original
converter is performed.
Firstly, the structure is optimized in order to extract the
maximum output power of each individual cell. Taking account of
the light-soaking process, the optimal thickness of the intrinsic pmSi:H layer in the top cell was found to be around 200 nm. For this
thickness, we noticed a current mismatching between the two subcells. In order to achieve the best performance with different cell
currents, it is mandatory to associate, for each cell, its own
converter. In addition this implementation allows the global
structure to be far less sensitive to operating conditions (temperature, light spectrum, etc). Thus the 4-wires structure is not constrained by the current matching condition which is mandatory in
the case of a classical 2-wires tandem structure. This conﬁrms the
best performance of this structure and its robustness against
current variations resulted from outdoor conditions or manufacturing process.
Secondly, this innovative tandem cell design is built in association with dedicated power converters. For this purpose, the
different converters and their combinations are explored in order
to design very compact electric output architecture. This leads to
the choice of boost converters. In order to take advantage of the
interleaving technique the converters outputs are associated in
parallel. The innovative part of the study is that we have also
associated the input inductors. This approach allows the converters
to reduce their input ﬁlter bulk. Optimizing the boost control values
by interleaving them, we therefore succeed to dramatically reduce
both output capacitor value and input core size. The other advantage of the proposed architecture is that the operating point
remains closer to the maximum power point (MPP) of the system.
Acknowledgements

Fig. 11. Electrical output characteristics of top and bottom photovoltaic panels associated with coupled inductors boost converter controlled by interleaved PWM signals:
(a) output power (b) operating point.

Fig. 10a shows the output power of pm-Si:H and mc-Si:H
photovoltaic panels (top and bottom) connected to their own boost
converters in a parallel mode association. Their PWM control
signals are interleaved. It reveals signiﬁcant power ripples around
optimum for both panels. As a matter of fact, power converters have
to work in switching mode inducing operating point ﬂuctuations.
Fig. 10b illustrates that the operating point swings around the
maximum power point (MPP) leading to a global power losses. One
way to reduce this swing is to increase the PWM frequency. For
instance, doubling the switching frequency would lead to divide
the ripple magnitude by two. However, this solution induces
converter loss increase.
The innovative method proposed in previous section, consisting
in interconnecting both boost converters with the coupled inductor
transformer as explained in Fig. 8, allows reducing the ripple
without increasing switching frequency.
As it can be observed from Fig. 11a, the ripple magnitude is 2.3
times smaller than in the classical previous case. In addition the
operating point remains closer to the MPP. As a result, without any
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