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This paper focuses on modeling of multi-junction solar cell (MJSC) to improve the conversion efficiency
using MATLAB/Simulink software. The multi-junction photovoltaic (PV) cell is investigated to obtain its
maximum performance compare to the conventional silicon PV cell. MATLAB/Simulink modeled results
show that tandem cell can provide almost 3-times maximum power compared to the conventional PV
cells. Maximum power point tracker (MPPT) has also been performed to improve the conversion effi-
ciency of the PV systems. The MPPT is able to assist the PV cells to attain more power efficiently and
deliver electricity to the grid.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

World Bank statistics predicted the number of global population
which reaches almost 7 billion human live by the end of 2011 [1].
This huge number of human race strongly influences energy con-
sumption ondaily basis. International EnergyAgency (IEA) recorded
consumer energy usage in 2010 as 535 EJ (1 eJ ¼ 1018 J) and this
number is increasing continuously over time [2]. However, more
than 80% of that energy is still extracted from limited sources, such
as coal, natural oil and natural gas. If this continues, extinction or
even disappearance of some resources may be faced in such a short
term. To avoid this critical situation, renewable energy sources need
to be developed and people should utilize the availability of them.

Photovoltaic (PV) system is a device that can convert the sun-
light as renewable energy into DC voltage. Then this PV system is
connected into an inverter, so the generated DC electricity trans-
formed into AC source and it is applicable for household usage.
With the assistance of solar cell, there is a high possibility of
decrement in demand on fossil fuels as energy sources.

Nevertheless, the performance of PV cells these days are still far
from the satisfaction. Despite its high initial cost, electrical energy
generation is highly depended on the surrounding circumstances.
Themost common condition is during the cloudy day, where the PV
and Computer Engineering,
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cell produces less power as compared to a sunny day when the sun
is shining very bright. The installation dwelling of the PV module
also becomes another important consideration as 4 seasons tends
to have variation in the temperature which may decrease the per-
formance of PV cell because it cannot reach to its MPPT and reduces
the cell conversion efficiency.

Several problems also arise for the PV cell itself. Semiconductors
are used as the main element of the solar cell that can be selected
from different materials. Nowadays, silicon is one of the most
popular semiconductors because of its wide availability in nature,
makes it cheaper to construct and produce the device. However, the
efficiency of silicon solar cell is considerably a bit low [3]. The as-
sembly process of the module itself can affect the performance of
the PV cells. Also, any manufacturer defect may create the losses
through cells junction and dropped to the earth connection.

With the aid of computer, focus on optimizing the PV cell per-
formance, MATLAB/Simulink software is used for the device
modeling. The MATLAB/Simulink is high-level software which can
simulate numerical model, generate algorithms and analyze the
data. . This programming tool is specifically designed to model data
flow using graphical design language and integrated effectively
with the MATLAB system. Accommodating these editor tools and
mathematical analysis of the PV cell, it is modeled using the block
diagram and analyzed the results. The improvement focuses on the
design of each cell, and devices which might help instruct better
final results.

The improvisation techniques in this researchwere based on the
most popular demand by simulations only. There were few
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introductions, how the generation efficiency could be improved.
Note that all the models designed in this paper are based on the
reference value as standard test condition (STC), 1000 W/m2, 25 �C.
Besides, all prototypes are presented in single cell or individual
parts only. This is to ensure the simplicity of analysis and modeling
even though the final results might be pretty small. Evermore, this
action is maintained well throughout the task to keep the details
stability. The combination of multiple devices is free to organize,
depending on consumers demand.

This paper is organized as follows: Introduction is in Section 1,
theory and modeling of multi-junction PV cell using MATLAB/
Simulink is in Section 2, Installation of MPPT onto the PV cell is in
Section 3. Finally, the conclusion is presented in Section 4.

2. Theory and modeling of multi-junction PV cell using
MATLAB/Simulink

2.1. Historical background of MJSC

Concentrated PV (CPV) cell which is based on themulti-junction
solar cell (MJSC) become a breakthrough for solar electricity pro-
duction by the utility company.

The tandem solar cell was first introduced by the Research Tri-
angle Institute and Varian Research Center in late 1970s to mid of
1980s. They presented dual-junction devices that formed by
aluminum gallium arsenide (AlGaAs) junction, interconnected on
top of a gallium arsenide (GaAs) junction by a semiconductor
tunnel junction [4].

Amazed by the bright future of stacked concentrator solar cell,
scientists continued their research for further improvement of the
device performance. Later in 1990s, changes in the top cell thick-
ness and addition of new layer led to a great conversion efficiency
that had never been matched before. A tandem (3-junction) solar
cell was demonstrated by the combination of gallium indium
phosphide (GaInP) with GaAs both on the top of active germanium
(Ge) substrate [5].

In 2012, Sharp Corporation's product was claimed by Fraunhofer
Institute for Solar Energy (Germany based organization) that they
had break the record of most effective concentrator solar cell in the
world via technology development that reached ~43.5% efficiency
from a triple junction compound solar cell [6]. However, this record
did not perform well long enough. In September 2013, Fraunhofer
again announced a new world record of concentrated PV cell with
~44.7% efficiency which was completed with the collaboration of
Soitec, CEA-Leti and the Helmholtz Center in Berlin [7]. They pre-
sented that four-junction solar cell is improved in terms of material
composition, optimization of the structure and introduction to a
new procedure called wafer bonding. This latest connector method
has ability to connect 2 semiconductor crystals with very high
quality level [8,9].

Due to concerns about the changing environment and prompted
controversy of fossil fuel depletion, the MJSC bears very high
expectation to be the best device for converting the renewable
(solar) energy into the electricity. Meanwhile, within these 40~50
years from the beginning it was introduced but not been much
improved. There were many issues while proposing this design for
the improvement.

2.2. Basic criterion for modeling MJSC

The MJSC is constructed by stacking of two or more pen junc-
tion semiconductors with different characteristics. The good can-
didates to construct the stacks of semiconductors are by gathering
the alloys from group IIIeV of the periodic table. Despite on its high
expectation, the MJSC has a few limitations with the aim of
choosingmaterials to generate the high efficiency PV system. To get
the layer of semiconductors to be combined, there are some
essential requirements to follow. These are as follows:

2.2.1. Lattice matching
The first consideration is the material selections which are

extremely important to be lattice-matched. Lattice constant is used
to check whether each material is matched to each other or not.
This constant value measures the spacing of atom on the crystal
structure.

Mismatch on the lattice constant will create dislocations in the
lattice, which results loss of photo-generated minority carriers.
Many researches put this factor as a secondary concern, but the US
National Renewable Energy Laboratory (NREL) researchers already
mentioned that even ±0.01% mismatch on the lattice matching
causing a significant degradation of the PV quality or conversion
efficiency [10,11].

2.2.2. Bandgap energy matching
Another important matter on the stacking each junction is di-

versity of the bandgap level on each sub-cell [12]. Basically, the sun
rays consist of different spectrum while each of the semiconductor
material can absorb only certain wavelengths depending on its
substance or materials. Therefore, having a wide range of bandgap,
the possibility for highest amount of spectrum level, the absorption
also increases.

The first layer absorbs the highest photon energy from the sun.
Furthermore, the sub-bandgap light is transmitted to the lower
sub-cell and processed further until the last or bottom layer of the
cell. This is the basic understanding of MJSC's working principles
that depends on the bandgap energies. However, if the bandgap
range is too far, the amount of unabsorbed light forms into heat and
exceed to the air, cause losses through the crystal junction. In order
to reduce the losses, the bandgap of the closest junctions need to be
as tight as possible for high conversion efficiency of the cell.

2.2.3. Current matching
Each sub-cell is connected in series, which means it requires

same or at least a minimum difference on current characteristics
[13]. While this condition does not fulfill, the total current readmay
be decreased by the nature of the series circuit connections. The
current generation is limited to the lowest current produced by an
individual layer.

Basically, the current of each junction depends on the number of
photons that passes through the material's absorption capacity
[14]. When the absorption coefficient is very high, the photon can
easily pass through and thematerial thickness can be decreased. On
the other hand, the layer with low absorption capacity is better to
be thickening in order to provide some space for the photon passes
through during the sunlight captivation.

2.3. Various combination of MJSC

As mentioned earlier, the process of developing the MJSC is
grounded on limitations of how each layer must produce a similar
amount of current. The thickness justification of each material is
important to ensure that all of them are matched to produce an
optimum current [15].

Fig. 1 shows an equivalent circuit model of a MJSC, which is a
series connection between one type of cell and the other materials.
They are connectable in any desired number of cells. This model is
used to simulate the MJSC characteristics using MATLAB/Simulink.

In this analysis, various types of tandem cell are observed, each
of them are grouped into dual and triple-junction model.



Fig. 1. A simple equivalent circuit diagram of a tandem solar cell.
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2.3.1. Double-junction solar cell
The most common dual junction tandem cell is the combination

of InGaP (Indium Gallium Phosphide) and GaAs (Gallium Arsenide)
cells in which both of them are from IIIeV group alloy. Their
bandgap energy coefficient does not vary significantly but it is wide
enough to receive more energy sources, which are shown in Table 1.
The InGaP is closely lattice matched with the GaAs, which makes
them first option to form the tandem cell [16,17]. Currently, both of
them are frequently being used in space application either in tan-
dem form or separately.

The practices on developing the stacked junctions do not always
stick to the IIIeV group, but also merging different types of material
whichever possible. For example, solar cell from thin film family
can be utilized as they are able to generate high energy. In this case,
Copper Indium Gallium Selenide (CIGS) is selected and it would be
united with other cells. The CIGS formed by small crystallites ma-
terial or else called polycrystalline material. There are numerous
advantages on using this thin film. Its absorption coefficient is
relatively high, so its thickness can be reduced. Besides that the
current density of the CIGS solar cell is also useful for producing
high amount of output current.

In second tandem cell observation, the CIGS is connected with
GaAs. Despite using the crystalline cell, in this combination GaAs is
compressed to form a thin film which is similar to the CIGS. This
option is taken not a prioritizing in efficiency increment, but to
create a harmonious combination with the CIGS, especially for
junction connections [18]. From this approach, wider range yet
thinner the MJSC is possible to make and can be used in large-area,
such as automated production of PV power [19].
Table 1
Bandgap energy of each dual-junction solar cell.

Combination [1] Top layer [2] Bottom layer

InGaP/GaAs 1.86 eV 1.42 eV
CIGS/GaAs 1.70 eV 1.39 eV
ZnSe/AlAs 2.7 eV 2.12 eV
Furthermore, another option is also designed for lattice matched
ZnSe (Zinc Selenide) and AlAs (Aluminum Arsenide) is anticipated.
The ZnSe is a semiconductor material which rarely occurs in nature
as its toxic contents might be dangerous. However, as the practice is
performed by MATLAB/Simulink software, the simulation is obvi-
ously done without any risk. By itself, ZnSe has very high bandgap
coefficient. So, connecting it with Aluminum Arsenide (AlAs) can
create awide range of absorption chance. This arrangement is done
with the cross section of IIeV material in which ZnSe is created by
the combination of IIeIV intrinsic semiconductor, while AlAs is
almost identical with GaAs from IIeV alloy in the periodic table.

2.3.2. Triple-junction solar cell
Experimental procedures face greater challenges when more

materials to be added on the sandwich stack. Based on data of
lattice constant for IIIeV semiconductor material, it has seen that
AlAs, GaAs, and Ge are matched on its lattice constant. Because of
that these materials are able to be grown with less strain. Their
bandgap variation is also quite wide to perform a great absorption.
Therefore, they can be used on the process of making the MJSC.

However, the researchers stated that the bandgap variation is
not showing the satisfactory choice. An ideal triple junction can
produce energy effectively with the combination of 1.89, 1.28 and
0.84 eV materials [10,20]. Therefore, AlAs is considered having too
high bandgap energy and can be substituted by InGaP. Because of
that a 3 junctions solar cell designed by stacking InGaP, GaAs, and
Ge all together with statistic as shown in Table 2 [21,22]. This is
simply similar with the first double cell experiment but with
addition of germanium. Option on choosing the Ge as third layer is
not just by it is lattice and bandgapmatchedwith the other two, but
its characteristic is similar with the silicon. Purified germanium can
appear close to elemental silicon [23].

2.4. Experimental procedures of combined MJSC

The objective of this research is to find the behavior ofMJSC and
how to improve it. There are few steps to check the performance of
each tandem cell.

2.4.1. Mathematical formulation of single cell
In order to create a basic model of the MJSC using MATLAB/

Simulink, mathematical formulation of current and voltage rela-
tionship is necessary. Therefore, the generated voltage (V) for each
cell can be represented as follows [36].

V ¼ Vsh þ IRs (1)

where,, Vsh is the voltage that dropped by the shunt resistance, I is
the load current, and Rs is the series resistance.

Furthermore, the current flows to the grid can be represented by
the following equation [24,25,36].

I ¼
h
Isc þ Ki

�
TC � Tref

�i G
Gref

� IS

�
e

VD
NVT � 1

�
� Vsh

Rsh
(2)

where, ISC is the short circuit current at ambient temperature (Tref)
and reference irradiation (Gref). Meanwhile, cell working temper-
ature and irradiation is symbolized as Tc and G respectively. Ki is the
Table 2
Bandgap energy of each triple-junction solar cell.

Combination [1] Top layer [2] Middle layer [3] Bottom layer

InGaP/GaAs/Ge 1.86 eV 1.42 eV 0.67 eV
AlAs/GaAs/Ge 2.12 eV 1.39 eV 0.67 eV



Fig. 2. MATLAB/Simulink model of a sub-cell for MJSC with the (a) full basic model, (b)
Iph calculation, (c) Is calculation.
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cell's short circuit current temperature coefficient, set at
0.065 ± 0.015%/�C.

Meanwhile, Is is the diode saturation current, VD and VT repre-
senting voltage across diode and latter is the thermal voltage diode
can held with factor of diode ideality (N) which set as 1. The diode
current is formulated as follows [26,27],

IS ¼ IRS

 
TC
Tref

!3

e

Eg
NVT

 
TC
Tref

�1

!
(3)

IRS characterizes diode reverse saturation current. Subsequently,
semiconductor bandgap energy is shown as Eg. All of these for-
mulas are derived for the single layer only. Therefore, themodel can
be adjusted easily depends on the desired number of combinations.

2.4.2. Modeling in MATLAB/Simulink
Based on those theories and equations, the model of a MJSC is

created by MATLAB/Simulink. Fig. 2 shows the sub-layer of a tan-
dem cell which can join with other sub-cells.

2.4.3. Extraction result from MATLAB/Simulink
Based on the Simulink models, tandem cell performance can be

plotted in terms of generated power and voltage. In order to create
a better comparison method, several results/plotted graphs are
compared. As result, the MJSC is able to generate more power or
energy than the conventional single cell. The following simulated
(analyzed) results show how each stacked cell can perform for PV
energy generation. Note that sampling curveswere created at 1-sun
(i.e., 1000 W/m2) radiation and fixed ambient temperature same as
reference (i.e., 25 �C).

2.5. Analyzed results of MJSC

For the construction of MJSC, wafer type semiconductor com-
binations are adapted [28]. For comparison, 2 single junction cells
performances are considered. They are single Si and single GaAs
type of cell, which is used broadly for PV manufacturing. Based on
the modeled results, Si produced a lower amount of power than
GaAs, which able to deliver 40 mW from a single cell, but in reality,
the GaAs is pretty expensive compare to Si. Because of that, the
latter type is mainly used on solar space inwhich need great energy
and also supported by high capital investment. The GaAs cell has
recorded ~20% more effectiveness than the Si cells.

Furthermore, the comparison for 3 different types of double
junction cells performance is shown in Fig. 3. As mentioned earlier
that InGaP and GaAs has similar lattice and matched well to be
paired, this is really effective as they can generate more power for
the user's satisfaction. On the other hand, a better result is provided
by the new design of thin film couple cells, in which it is formed by
GaAs and CIGS, they are able to increase themaximum power ~36%.
The main reason for this benefit is, because they have wide enough
thick to absorb more energy without increasing their thickness.
Another factor is that the GaAs is a thin film and had better per-
formance than other materials with the possibility to deliver 0.1 W
of power to the grid.

However, the combination from IIeIV and IIIeV class has not
delivered significant performance. Even though ZnSe and AlAs have
pretty high bandgap, it is not useful to create a better hybrid
structure. They are a bit behind in term of conversion efficiency.
They are not functioning well because their bandgap level is
widening too far and resulting not absorbing enough energy but
releasing more energy into heat. Besides that, it is difficult to match
their current as they come from different material classifications.
For a triple junction combination, the simulated results are able
to provide double the maximum power as previously noted, which
is 0.2 W for a single cell. The first design of AlAs, GaAs, and Ge
provided a satisfactory result. However, when AlAs is changed with
InGaP, thewhole statistic is increased even though not significantly.
This means that the difference from first design has a wider range
but not closer to each other, which cause more losses and form



Fig. 3. Comparison of PV characteristics with different junctions and materials. (a)
Single junction, (b) Double junction, and (c) Triple junction cells.
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heat. Even though there were not much changing, their final results
are satisfactory to provide a better improvement in the future.

2.6. Future improvement of MJSC production

According to the investigated results, thin film CIGS is consid-
ered to hold a better prospect for solar or renewable energy pro-
duction. It copes well with GaAs which is the best option for solar
cell manufacturing. Triple junction solar cell also required to put it
into most consideration despite the hardship of combining
different junctions.

However, the manufacturing of tandem cell needs to put
further attention on the lattice constant of each material as the
dislocation of matching may create a chain reaction in the
decrement of the open circuit voltage (VOC), short circuit current
density (JSC), maximum power delivered (MPP), and the fill factor
(FF). The awareness also comes from the connection method,
where the defected layer or poor construction may increase the
resistance between the layers or junctions. Therefore, with the
intention of decreasing the junction losses, manufacturers are
required to check their product properly. These losses also affect
the generated current in which create an unmatched current flow
between the cells and finally reducing the cell conversion
efficiency.

3. Installation of MPPT onto the PV cell

For improving the PV cell design and its material other elec-
tronic devices are available to get the maximum stable power or
energy generation. The MPPT is one of the important factor for
many devices formed to accomplish this deficiency and improve
the conversion efficiency of PV systems.

The MPPT plays an important role in PV system as it can opti-
mize the power output of electricity generator for a given set of
surrounding weather. Thus, number of arrays connected in the
module can be decreased which results in price reduction or opti-
mizing the existing module to produce more electricity.

Numerous MPPT techniques had been proposed in many
research papers, literature and conference presentations. Basically,
the methods can be classified either into (i) look up method, (ii)
perturb and observe method or increase conduction method
[29,30,32]. Each of these algorithms has its own relative merits,
which allow them to be utilized in variety of applications. For
special condition, some techniques canwork together to initiate the
maximum energy. However, among all of them, perturb and
observe technique is the most popular due to the high tracking
accuracy at steady state condition. MATLAB/Simulink simulation
results will be compared each of the class's performance and also
specified the way to improve the PV system.

3.1. MPPT algorithm

Each of the method is compared and discussed about their
strengths and weaknesses. The observed techniques are for elec-
tronic tracker system to vary the operating point of modules, not
mechanical system which can shift the PV modules to obtain the
maximum sun intensely. These algorithms help for pushing the
generator to stay at steady condition during its full capability for a
longer period.

3.1.1. Fractional open circuit voltage
The basic of this method is about observing the percentage of

MPP voltage (VMPP) as an open circuit voltage (VOC) of the IeV
curve; this VMPP ratio is known as K1, which is expressed by the
following equation.

VMPP ¼ K1Voc (4)

where, VOC is extracted open circuit voltage when the PV array is
isolated from the MPPT; then based on that VOC voltage, VMPP is
calculated in accordance with a constant value K1. However, there
still a problem in deciding what is the real value of K1. Approxi-
mately, the value of K1 varies from 73%~80% [30]. After setting the
K1 value, the MPPT can adjust the operating voltage of the PV array
until the maximum voltage is reached. This cycle is repeated for a
period of time in order to acquire the maximum power delivered.

Working criteria of this procedure is very simple, so it is more
advantageous for manufacturer to create this algorithm-based
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device. However, there are also some disadvantages, such as during
the measurement of VOC, the PV power is interrupted due to the
discontinuity of the supply from the PV array to the MPPT point.
Besides, exact maximum value of K1 still undecided, it needs more
adjustment when the variation happens in irradiance and/or tem-
perature of that specific day or time. Therefore, to improve the PV
system performance, this method requires dynamical adjustments
while the maximum efficiency is desired. However, with the
automatic adjustment, it will be similar with the Perturb and
Observe technique.

3.1.2. Fractional short circuit current
Based on the behavior of PV cell, there is a fact that the current at

MPP (IMPP) is approximately linear to the short circuit current (ISC).
Therefore, it is possible for the PV cell to maintain its performance
by producing an operating current near the ISC. With the similar
operation, to find the VMPP, an absolute constant is required, which
is represented by the factor K2. The following equation (5) is the
simple relation between the IMPP and ISC.

IMPP ¼ K2Isc (5)

The value of K2 for the current ratio is also undecided. An
approximate value stated that the IMPP works somewhere between
78%~92% of ISC [30]. In order to find the ISC value, the PV modules
are shorted and recorded, so the output power is reduced and
interrupted. Moreover, the MPP value may or may not be perfectly
matched with the optimum performance characteristics. For this
reason, the best circumstance is to apply this practice, when an
external situation is changing, such as when it starts cloudy or
raining.

3.1.3. Perturb and observe (P&O)
The working system of a P&O is by “hill climbing method”. It

works by checking the basic behavior of the PV cell's curve by
Fig. 4. The combination of a PV
making small increment in the operating voltage [31]. When the
power delivered to the load seems to rise, it will make further
perturbation in voltage until the power reaches to its maximum
capacity and start to fall below the MPP. In this step, the adjust-
ments are not continued but it will be reversed to move back to-
ward theMPP. In summary, (i) if the change in power is positive, the
perturbation is kept at the same direction. (ii) Inversely, if the po-
wer difference is negative, it means theMPP is in different direction
and next perturbation will be at the opposite direction.

This method is widely used in the MPPT console because of its
simplicity and ease implementation. The method of finding the
global maxima of curve will continue throughout the PV operation,
so power generated will not stay on the MPP but will oscillate
around it. There is also some observation time, which causing the
disturbance in the output power. Moreover, it is difficult to
discriminate the location of theMPP, when the sun radiation is low,
as the IeV curve will be flattening out. One way to reduce the
oscillation at MPP is by decreasing the perturbation size, but it will
make the MPPT working time become slower.
3.2. MPPT MATLAB/Simulink model for P&O method

To simulate the MPPT performance, basic PV cell system shown
in Section 2 is combined with the MPPT technique to generate the
voltage for its maximum performance. Several methods are being
used for this simulation.

The P&O method is widely used among other techniques and is
designed by using the Simulink as shown in Fig. 4. It shows the
combination of a PV cell system and the MPPT technique using the
P&Omethod. The power delivered by a PV cell becomes an input for
the algorithm. Then, this isperturbedwitha stepof 0.005. These steps
are adjustable and can be set into a desired value. Afterward, the data
is stored in memory then used in the next instruction [32,33].
cell and the P&O algorithm.



Fig. 5. Fraction coefficient based on temperature for (a) VOC method and (b) ISC
method.

Fig. 6. Comparison among conventional, fractional constant VOC and ISC of the MPP
performance based on irradiance.
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3.3. Simulation results on fractional method

In order to analyze the performance of other 2 methods, which
are fractional open circuit voltage and fractional short circuit cur-
rent, each of the coefficient decision is compulsory.

Basically, fractional method is based on the constant that used to
multiply either VOC or ISC. However, the real MPP is not at those two
points. Provided in Fig. 5 are comparison from coefficient of VMPP
over VOC and IMPP over ISC with the temperature variation.

They show that the specified points of open and short circuit
does not really match with maximum power points. For the voltage
and current comparison, higher irradiance even leads greater
dissimilarity. However, with grater temperature, matching per-
centage of high irradiance is able to be increased. Differ with the
current coefficient, the graphs trend to keep stepping down along
with the temperature increment. These behaviors are not in linear
motion, but keep fluctuating.

3.4. Performance comparison of the MPPT techniques

In this section, the results on MPPT techniques were plotted and
compared.First2algorithmsareusingthe fractional calculationmethod
andplotted as shownearlier in Fig. 6. For this calculation, the valueofK1
and K2 are chosen 0.75 and 0.85, respectively. Then, the results are
compared with the maximum power of a conventional PV cell.

Different design of MPPT provides different characteristics
from one technique to another. Constant voltage tracker or frac-
tional process did an open circuit to find the VOC or else shorting
the load to find the ISC. During this momentary time, some of the
energy may be wasted which is not a good way to generate
electricity. Constant values of the ratio also keep changing during
the operation of PV cell, which makes them not functioning well.
One benefit is its low cost and simplicity for the application. The
results provided are not recommended to be referenced for
manufacturer product. Because, the value of K used in both frac-
tional voltage and current are not stable. Meanwhile, when the
weather changes suddenly, it may cause the performance to drop.
Otherwise, the weather is good for continuous operation. This
technique cannot cope well to set its constant ratios for long
duration.

Fig. 7 shows the power generated using the P&O technique with
different time steps, such as (a) 0.01 steps and (b) 0.005 steps. The
P&O method will increase the step of power to find the operating
condition of the module. However, this will lead to some oscilla-
tions around the MPP, because it keeps perturbing every specified
period, even during the steady state condition.

The results plotted for the P&O design show how the oscillation
dominating the power generation. Even when the perturb step is
increased to 0.01, the power will suddenly drop because of the
higher oscillation. The value of the perturbation step is too high as
compared to the voltage value of the cell, which cause the defection
during the first simulation. However, when the steps were reduced,
the MPP can easily be reached and kept to be working on around
that point. The disadvantage for this smaller step is the time con-
sumption. It consumes more time to find the optimum power
availability comparing with the larger steps, which has better dy-
namic performance and operates faster.

In comparison, how good these techniques are, they still need
further improvements. The recommendation comes to try a variable
method. The constantK is set to be as a variablewhich can copewith
the ambient temperature. The relationship will depend on manu-
facturer's product. This variable method can also be applied to the
P&O algorithm to find a better perturbation. During the tracking
period, steps are set to be higher compare to the time when the
maximum power was found. When the dark time coming, then the
perturbation steps are set to be higher than normal values.

4. Conclusion

In summary, based on the simulation results, the single multi-
junction solar cell can generate about 0.2 W, which is more than
two-times of power compared to the conventional silicon PV cells.
The combination InGaP/GaAs/Ge offered the best performance in
tandem cell performance. The P&O tracking method is also studied
and shown ability to locate the maximum power in one-third



Fig. 7. Performance comparison of stand-alone PV system with P&O MPPT of (a) 0.01
steps and (b) 0.005 steps.
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shorter period. However, this technique is highly dependent on its
perturbation value.When the value is too high then the PV cell have
a good dynamic performance, but the static performance was not
so significant [34]. In the future, this tracking performance can be
improved, by adding such as a feedback system to the Program-
mable Logic Controller [35]. Finally, it is confirmed from the
simulation results that the MJSC can generate more than two-times
of power compared to the conventional Si PV cell and improve the
conversion efficiency of the PV systems.
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