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Regular paper 

 
Improvement of green clean 
energy system’s operation 

 

The world has been searching for an inexpensive, efficient and practical renewable energy source 
for the past few decades. With the ever growing concern about global warming, environmental 
pollution and the rising cost of fossil fuels, there is a greater interest in developing renewable 
energy sources to meeting growing energy demand. 

Renewable energies are nearly unlimited energy sources. The research and development are 
around of alternate energy generation techniques like fuel cells and photovoltaic cells. An hybrid 
system performance is closely tied to the control strategy employed. To develop integrated optimal 
control strategies, a better understanding of component and system behaviour is required. 

Fuel cell power generation systems provide a clean alternative to the conventional fossil fuel based 
systems. Fuel cells are emerging as the practical and versatile solution to the problem of 
alternative power sources. Solar power is becoming ever more popular in a variety of applications. 
It is particularly attractive because of its abundance, renewability, and environment friendliness. 
Photovoltaic modules (PV) contain no moving parts and are sold with a warranty that guarantees 
the power generation for typically 25 years. 

By this paper, maximizing performance of the system is discussed. Experimental results showed 
the improvement of the adopted methods. 

Keywords hybrid system, fuel cell, photovoltaic generator, optimization, maximum power point, 
commutation, configuration. 

 

1. INTRODUCTION  

As conventional fossil-fuel energy sources diminish and the world’s environmental 
concern about acid deposition and global warming increases, renewable energy sources 
(solar, wind, etc.) are attracting more attention as alternative energy sources. A fuel cell 
power is a very attractive option being used with an intermittent power generation source 
like the PV power because the fuel cell power system contains lots of great features such as 
high efficiency, fast load-response, modular production and fuel flexibility. Its feasibility in 
coordination with a photovoltaic power system has been successfully demonstrated. Interest 
photovoltaic renewable energy is at an all-time high, and prospects for solar renewable 
energy development look brighter all the time. The purpose of the work is to optimize the 
system’s operation under given varying operating and load conditions. These methods can be 
applied regardless of the load. 

2. GENERAL SYSTEM DESCRIPTION  

The general system consists of a fuel cell system, a solar cell array (SCA), an 
electrolyser, hydrogen storage tanks,  DC/AC inverters, heat exchangers, ... Electricity is 
produced by a SCA to meet the requirements of a user load. Whenever there is enough 
insulation, the user load can be powered totally by the photovoltaic (PV) electricity. During 



 
 

periods of low insulation, auxiliary electricity is required. An electrolyser is powered by the 
excess energy from the SCA to produce hydrogen and oxygen at a given pressure. Gases 
are stored without compressor for short and long term. Hydrogen is seen as a potential 
energy carrier for the future. Fuel cells are used to convert this hydrogen to electricity. 

The load management and control defines the electrolyser, the fuel cell powers 
according to the power required by the load.  For many applications, a loss of feeding loads 
is not acceptable. In order to achieve no loss of feeding load probabilities with SCA, the 
system must be designed according to the worst case climate and load conditions. 
Therefore, another source of energy is necessary to realise energy storage. In this system, 
the excess energy is stored in the form of compressed hydrogen via conversion through the 
electrolyser. The fuel cell is used to produce power if the load power exceeds that produced 
from the photovoltaic generator. It can also function as an emergency generator, if the SCA 
system fails. 

The system that we propose to study in Algeria, more precisely at ORAN is represented 
by the figure (1-a).   

      
a-                                                      b- 

Figure (1): Control strategy of hybrid system 

(a) schematic diagram for the photovoltaic (b)  Fuel cell power system   

The load is supplied from the PV generator and/or with a fuel cell working. Excess PV 
energy when available is converted to hydrogen using an electrolyser for later use in the 
fuel cell. A battery is added to the system to help it in the transitory moments [1], [2]. When 
the solar array is unable to maintain battery state of charge above a voltage set point, the 
fuel cell system is activated automatically and carries the load until the battery voltage is 
able to recover [3], [4]. The thermal energy available from the fuel cell can be used for 
domestic water, or pool heating The energy management equipment (PMU) is used to 
control the power between each component [5], [6].  The electricity produced by these 
renewable resources can then be used to make hydrogen and oxygen from water by 
electrolysis. Additionally, when PV is used with the electrolyser, it is the cleanest source of 
hydrogen with no pollutants produced. On the small scale, a PV array coupled to an 
electrolyser and H2 storage tank provides a flexible system, which could be installed in any 
location with little maintenance. It is also possible to concentrate solar energy and use it in 
thermal processes that produce hydrogen and oxygen from water. The solar hydrogen 
energy system for Algeria would could extend the avaibility of fossil fuels resources, 
reduce pollution and establish a permanent energy system. Solar/fuel cells will allow the 
use of power from the sun twenty four hours and will provide an abundant clean, efficient 
locally produced source of energy as shown in figure (1-b). The individual mathematical 
model for each component (fuel cell, photovoltaic cells, and electrolyser) is presented to 



 
 

optimize the system design. MATLAB/Simulink is used for the simulation. The simulation 
and experimental results are shown in the paper. An example of the system’s operation is 
given. 

3. FUEL CELLS 

Fuel cells, although they have existed for more than 50 years, are just starting to capture 
the interest of the general public. The Proton Exchange Membrane (PEM) fuel cell is a 
compact type of hydrogen fuel cell that has a relatively fast electrical response time and a 
low operating temperature and pressure. A proton exchange membrane (PEM) fuel cell is 
used to keep the system’s reliability at the same level as for the conventional system while 
decreasing the environmental impact of the whole system. The PEM fuel cell consumes 
gases which are produced by an electrolyser to meet the user load demand when the SCA 
energy is deficient, so that it works as an auxiliary generator. 

The PEM fuel cell membrane is an acidic polymer sheet that can conduct protons but not 
electrons. This allows for the transfer of protons between the anode and cathode in the fuel 
cell. The electrons are then simultaneously transported through the electrical circuit to 
complete the reaction. Proton exchange membrane (PEM) fuel cells take hydrogen and air 
and produce power and water. The mechanism is exactly opposite to that of electrolysis 
(figure (2)). 

 
Figure (2): Fuel cell’s operation 

The fuel cell stack can be operated with reformed biogas, or directly using hydrogen 
produced by the electrolyser [7], [8]. The two half reactions that occur at the hydrogen 
(anode) and oxygen (cathode) sides of the membrane are as follows [9], [10]:  

−+ +⇒ eHH 442 2 Anodic half reaction      (1) 

heatOHeHO +⇒++ −+
22 2.44 Cathodic half reaction   (2) 

−− ++⇒++ eheatOHeOH .42.42 222   The overall reaction       (3) 
Modeling of fuel cells is getting more and more important as powerful fuel cell stacks 

are getting available and have to be integrated into power systems [11], [12]. The model 
adopted is based on the empirical electric model developed by NR Albrieux [1], [2].  The 
characteristic equation is:   
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Vcell is the potential of a cell; 

J is the current density, 



 
 

Eoc  is the open circuit voltage of the cell; 

and JD,   Δ, b are parameters of the model.  

This equation takes into account the problems of diffusion [3], [4] which exist for 
current strong densities.  But the zone where the problems of diffusion are dominating is 
not modelled by this model.   

The parameters Eoc, B, Jd and Δ depend on the temperature T and on the partial pressure 
of oxygen Po2.   Each parameter is dissociated in three components according to the 
following equation:   
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For the follow case, the number of cells in series in PEMFC stack is 18. The area is 
equal to 900cm2[1]. 

The pressure Po2 is maintained constant at 1.4 Bar (figure (3-a)).  For various 
temperatures, one notices that the increase in temperature improves the performances of the 
fuel cell.  In addition, the temperature is maintained constant T=35°C with various 
pressures.    The results of simulation are described on the figure (3-b).  The increase in the 
partial oxygen pressure increases the cell's voltage V for the case of the strong densities J.  
The temperature’s influence is comparable to that of the partial oxygen pressure. It 
improves the performances of the fuel cell [1],[2],[3]. 

 

  
a-                                                                                   b- 

Figure (3): simulation results 

  (a) temperature’s influence (PO2=1.4 Bar)  (b)- Pressure’s influence (T=35°c) 

4. PHOTOVOLTAIC CELLS 

Lately, the use of photovoltaic energy knows a considerable development. 
Transformation in electric energy is one of its applications which arises considerable 
interest, owing the fact that it makes it possible to solve a major problem in insulated cities 
where the electrical supply network lacks. However, considering the price of the 
photovoltaic modules which remains relatively high, it is necessary to find techniques 
which possibly make profitable a photovoltaic system i.e. to extract from it the maximum 
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power Popt under given operating conditions. The electric power generated by the SCA is 
depending on the insulation Es and temperature T. The solar array is a nonlinear device and 
can be represented as a current source model, as shown in figure (4). Rs is the solar array 
intrinsic series resistance whose value is usually very small. Rsh is the equivalent shunt 
resistance of the solar array whose value is usually very large. The solar array output 
current is a function of the insulation and the temperature. The relationship between the 
output current and the output voltage is given by the following equation: 

                        (6) 

T

B
T q

TKU =                   (7) 

Icc: is the short-circuit current 
Id is the diode’s current, 
Io is the saturation current of a solar array,  
q is the electron charge,  
KB is the Boltzmann’s constant,  
and A is the ideality factor for a p–n junction. 
The equivalent circuit of a PV cell is shown in figure (4). 

 
Figure (4 ): equivalent circuit of a photovoltaic cell 

In our case, a photovoltaic module is constituted of 36 solar polycrystalline cells in 
series (Kyocera LA 361 K51) mounted 35° south.  In the figure (4), I and V are the output 
current and output voltage of the SCA, respectively. 

At standard conditions, (T=25°C, Es=1Kw/m2), the manufacture’s data and the 
experimental ones, for one photovoltaic module are given in table (1): 

Table (1): photovoltaic module’s data 

 Manufacture’s data Experimental data 
Voc (V) 21.2 20.88 
Icc  (A) 3.25 3.19 

Vopt (V) 16.9 16.52 
Iopt (A) 3.02 2.95 
Rs (Ω) 0.4 0.4 

Figure (5) illustrates the SCA characteristics curves obtained (I-V: current-voltage, P-V: 
power-voltage) at different insulations and different temperatures for one PV module. 
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Figure (5): The SCA electrical characteristics  

a-   at different insulations , T=25°C 

      b-   at different temperatures, Es=100%. 

 
From these characteristic curves, it is observed that the solar array output characteristics 

are nonlinear and affected by the insulation, temperature. Each curve has only one 
maximum power point (MPP) of coordinates (Iopt-Vopt), which is the optimal operating 
point for solar array efficient use. Any rise in insulation results in a rise in the optimum 
power (figure (5-a)). This evolution is linear. The maximum power varies in opposite 
direction with the temperature (figure (5-b)). The optimum power has a sensitivity of 
0.75W/°C. 

5. OPTIMUM POWER POINT DETECTOR  

In order to have an operation at the optimum power at any moment, a system is inserted 
between the SCA and the load. This system, called MPPT i.e. “maximum power point 
tracker” adjusts the operating point to coincide with the optimum power point (MPP) for 
any load and/or working conditions [13], [14]. The synoptic diagram is illustrated in figure 
(6). The input voltage and current are respectively (V1, I1). The output voltage and current 
are respectively (V2, I2). For our work, a DC/DC converter is used. 

 

 
Figure (6): connexion SCA – load via MPPT 

 



 
 

α is the freedom degree introduced by the MPPT [15], [16]. It is a control parameter. α is 
not constant. α allows an optimal impedance adaptation with: 

12 pp =            (8) 

P2 is the output power  

P1 is the input power  

α opt is determined such like  

VoptV =1                                      (9) 

IoptI =1                      (10) 

In general, α can be determinate according to the used load [17], [18], [19]. So, the load 
parameters are required but these parameters are not fixed. Also, the optimal voltage Vopt 
and the optimal Ropt depend on the climatic conditions, of the day’s and season’s moment. 
The study is for a specific load and cannot be applicable if the load changes. These 
variations are problems. To make use of this technique in an efficient manner, it is 
important to design a flexible system which can be adapted to large types of loads and 
under different operating conditions in order to reduce the mismatch losses in a directly 
coupled load to a SCA. 

Another simple method is to keep the operating point near the optimum power point by 
adapting the SCA voltage to a reference voltage. Indeed, the Vopt variation according to 
Voc (Voc: the SCA open circuit voltage) is linear whatever are the working conditions [13], 
[14]. The approximation is: 

100
.75 oc

opt
VV =                                             (11) 

The α opt calculation will be according to:  

opt
opt V

V2=α                       (12) 

To measure Voc, a pilot cell in open circuit in the same SCA’s conditions can be used 
[14]. In this case: 

ocssoc VNV .=                    (13)  

Voc: SCA open circuit voltage; 

Vocs: The open circuit pilot cell voltage; 

Ns:  solar cell’s in series number. 

In practice, the Voc value will be different from that real because the photovoltaic cells 
are not all identical. To overcome this problem, one measures real SCA Voc while cutting 
off the load’s supply during a short moment without disturbing the system’s operation. 
There is also another control method independent of any knowledge of the SCA or the load 
characteristics to find the optimum power point by comparing powers [13], [14]. 



 
 

6. ADOPTED METHOD  

The method using Voc to deduce Vopt is illustrated by the flowchart in figure (7-a). In the 
first time, in real time the system is opened. The open circuit voltage is taken. Then, the 
calculation is done according to the equation (11). One belongs after the voltage operation. 
Then, one calculates the cyclic ratio according to the relation (12). This cyclic ratio brings 
us around the optimum power point [13], [15], [16]. We launch then the optimum power 
point tracking per powers comparison. According to the power’s variation found, the cyclic 
ratio is readjusted. At the end, the system will oscillate between three points which encircle 
the optimum power point.  The method using powers comparison is illustrated by the 
flowchart in figure (7-b). 

 
 Figure (7): MPP research flow chart 

a- jump to the MPP 

b- powers comparison 



 
 

 
In figure (7-b), αinit represents an initial value of the cyclic ratio α.  dα is the cyclic ratio 

step.  Pinit is an initial value of the power P. αmin  and αmax are respectively  the inferior and 
superior limit of the cyclic ratio. If the load and/or the insulation change abruptly, the 
operating point is deviated from that optimal. The cyclic ratio can be changed automatically 
in a gradual way until reach the MPP [13], [15], [16] using the flowchart in figure (7-b). 
However, to reduce the convergence time towards the optimum power point, a method is 
proposed. A relation between the new cyclic ratio to that preceding the change is 
established. 

 

 
Figure (8): MPP research 

 
In figure (8), one supposes that after having determined the MPP, the operating point is 

A'. A sudden increase in the load will bring back the operating point to the point B'. The 
cyclic ratio to adopt in this case is calculated according to: 

'.
'..

'
IV
IV

opt

optopt
opt

α
α =         (14) 

with: 
α opt: Cyclic ratio around the MPP before the abrupt change  
Iopt: SCA current around the MPP before the change occurred  
Vopt: SCA voltage around the MPP before the change occurred  
V': SCA voltage after the change which has occurred  
I': SCA current after the change occurred  
α 'opt: New cyclic ratio  

The point B' is brought back around the MPP at the point C. From there, the MPP 
tracking by comparing powers is adopted (figure (7-b)). 

For an abrupt reduction in load, always leaving the operating point A', the novel 
operating point finds is point A. The current in A and the current in A' are closed and 
closed to the SCA short circuit current. The cyclic ratio adopted to bring back the operating 
point A around the MPP (noted B) will be a particular case of the equation (14), according 
to: 

opt

opt
opt V

V '.
'

α
α =           (15) 

The method of jump to the MPP can be applied using a DC/DC converter (a buck or a boost 
converter). 



 
 

7. PRACTICAL RESULTS  

These practical results below consider a SCA of three modules in series. A DC buck 
converter has been realized experimentally and used. The experimental results are given 
below. 

 
 

  
 

a-                                                                   b- 
 

Figure (9): Practical SCA voltage and current tracking characteristics versus time  
(a) voltage characteristics versus time (b) current characteristics versus time 

The figure (9) shows the experimental results. The voltage and current variations are 
illustrated respectively in figure (9-a) and (9-b). At the beginning, the voltage is Voc=63V. 
The connected load imposes its operating point: a voltage of almost 21V and a current of 
2.05A approximately. The program established calculates α, in real time, in order to 
research the MPP and to maintain a system’s optimal operation. As observed on the figures, 
the operating point is brought back to the optimum power point thus an optimal voltage 
proximally of 45V and an optimal current of 1.7A.  The ripples remarked in voltage and 
current curves can be reduced by adding a capacitor in parallel and can be minimized by 
working with a reduced variable step dα near the optimal point. 

The figure (10) illustrates the practical results of the power P against the voltage V, for 
an insulation Es=56%, a temperature T=27°C. The characteristic of the MPP research in a 
gradual way is illustrated by the figure (10-a). A is the operating point of VA=20.06V, 
IA=1.76A, PA=35.41W. According to the algorithm established (figure(7-b)) [14], the 
program compares the powers and readjusts gradually α to progress towards the MPP of co-
ordinates 76.92W, 46.68V. The system operation will be stabilized at the end between the 
points 1, 2, 3 which encircle the MPP.  

The figure (10-b) illustrates the practical result for the same working conditions but by 
adopting the jump method towards the MPP according to the relation (14) and (15). Then, 
the MPP research adopted is by steps as shown in figure (10-b). It is seen that intermediate 
steps are avoided and convergence towards the MPP is fast. At the end, the system is 
worked between points 1, 2 and 3.  



 
 

 
   a-       b- 

Figure (10): experimental P-V characteristics, Es=56%, T=27°C 

(a) MPP gradual tracking    (b) Jump towards the MPP 

During the SCA operation, there can be a sudden load change what would generate the 
operating point‘s displacement towards a power lower than the optimum one. The operation 
point must thus be brought back towards the optimum power zone. The developed program 
calculates in real time the cyclic ratio to approach the MPP quickly, around the MPP. The 
result is shown in figure (11) which shows an example of the SCA current evolution. 

 

 

 
Figure (11): Experimental system response after abrupt load changes 

Initially, the operating current is around Iopt, an abrupt increase in the load (at “A”) 
occurs. The current falls. The system calculates and adopts in real time α. An operation 
with Iopt is occurred. At ‘B’ a suddenly reduction in load occurs.  The operating current 
deviating from Iopt increases. The system determines in real time the novel α.  The system’s 
operation is stabilized gradually around the MPP at the Iopt current and an optimum 
operation is ensured.  

This method has been applied for a resistive load and for a dc motor. The MPP research 
and maintain has been successfully verified. 

8. ELECTROLYSER 

An electrolyser is a device that uses electric current to electrolyse or split water (H2O) 
into hydrogen and oxygen.  Electrolysis is currently the cheapest, simplest, and most 
efficient method of home scale hydrogen generation. This system is produced by 
electrolysing water molecules electrically through the electrolyser and is used to produce 
electricity via the PEM fuel cells. This method is a very effective way for producing and 
using pure hydrogen. Therefore, the hydrogen in this system drastically reduces global 
pollution emissions of CO2. One of the most promising types of acidic electrolysers is 



 
 

proton (polymer) exchange membrane (PEM) electrolyser, which resembles that of PEM 
fuel cell. Actually, if properly designed, the same PEM unit can be operated as an 
electrolyser to produce hydrogen, as well as hydrogen driven fuel cell to produce 
electricity. The basic difference between the electrolyser and PEM fuel cell is that the 
hydrogen and oxygen reactions on the electrodes are opposite. Therefore, the electrolyser 
produces H2 at the cathode and O2 at the anode, while the fuel cell consumes H2 at the 
anode and O2 at the cathode. Also, the decomposition of water into H2 and O2 in the 
electrolyser is non-spontaneous and requires an electric power for the reaction to occur, 
while the opposite fuel cell reaction is spontaneous and produces an electric power. In 
electrolysis, an electric current is run through water and the water reacts to form hydrogen 
and oxygen.  

In this study, the electrical curve I-V of an alkaline electrolyser used in our case, is given 
in the figure (12-a). In first, the parameter oxygen pressure is maintained constant (Po2 = 
9.6 Bar).  For various temperatures (figure (12-b)), the characteristics are represented. One 
notices that the voltage decreases when the temperature increases.  The temperature’s 
influence increases with the intensity.  The electrolyser performances are thus a function of 
the temperature.  And, when the temperature is maintained constant T=53°C for example, 
with various pressures, the electrical characteristics are represented in figure (12-c).  It is 
noticed that the increase in the pressure improves the electrolyser’s performances [1], [2], 
[3].   
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Figure (12): simulation results 

a- The electrolyser electrical curve 

b- Temperature’s influence (P = 9,6 bar) 

 c- pressure’s influence  (T = 53°C) 



 
 

PV modules are an ideal power supply for an electrolyser.  The output voltage of a PV 
array is DC and is roughly constant with illumination level; it is mainly the current that 
varies with illumination. This is a good match to the electrolyser, which requires a constant 
voltage. Increasing PV current would increase the overall volume of hydrogen produced. 
The MPPT method can also be used in this case.  But, in this present study, another method 
different from the MPPT one, to extract the best power from the electrolyser is adopted.  

We’ve tested the method of configuration change for the electrolyser.  The principle of 
this method is relatively simple [3], [6], [7]. Having a certain load to feed by the 
photovoltaic field, this method supposes a total number NT fixed of photovoltaic modules. It 
will be noted that this number will depend on the requirements in load’s power. 

The optimal power Popt is constant whatever is the connexion of these modules, for 
fixed environmental conditions. One must determine the best arrangement of these 
modules. It is dictated by the maximum power extracted by the load. For certain equipment 
to be supplied by photovoltaic source, for given climatic conditions, one proceeds in the 
following way: one tests in first part the operation power value Pfct1 of the system SCA-
load for the first adopted configuration (Np1xNs1).  

The variation of this module’s arrangement by adopting a second configuration 
Np2xNs2 in a second part will give another operation power Pfct2 which will differ from 
Pfct1. 
Finally, the difference between these powers will contribute to indicate which of these 
configurations are the best seems to our load for such working conditions.  

We chose two configurations to prevent the system’s complexity. To illustrate this 
principle, one supposes a SCA made up of 6 modules. The first configuration is (Np is the 
branches number in parallel. Each branch comprises NS modules in series). The second 
configuration is Np2xNs2=2x3. To pass from a configuration to another, we use electronic 
switches. 

9.  RESULTS OBTAINED 

According to the evolution of the insulation Es from 10% to 100%, for a constant 
temperature of 25°C, one represented in figure (13) the various characteristics of the SCA 
at Np1xNs1=3x2 configuration and the electrolyser noted “C”. In our case, the electrolyser is 
constituted with 22 cells in series. 
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Figure (13): characteristics voltage obtained with configuration 1 

The second configuration is Np2xNs2=2x3 illustrated in the figure (14). For a temperature 
kept constant T=25°C, for each insulation, one calculates the operating points of the SCA-
electrolyser for the first configuration then for the second. 
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Figure (15): operation powers according to the insulation T=25°C 

One represents in figure (15) the operation powers P for each configuration on the same 
graph at 25°C against the insulation. 

For example, for the configuration 1 (figure (13)), our system is at the operation point 
(29.103V, 0.94A) at 10% of insulation. At 100%, it is at (38.35V, 5.56A). 

In figure (14) relating to configuration 2, the system is at the operation point 28,31V, 
0.63A) at Es=10%. At Es=100%, it is at the point (39.29V, 6.34A). It is seen that this point 
varies according to the insulation and to the adopted configuration. 
On the characteristics I=f (V) or P=f (V) of the same insulation (for example 100%), the 
operation power will differ from one configuration to another. Indeed, the power given by 
the configuration 1 at Es 100%, is 213.2W, it changes to 249.09W for configuration 2 
(figure (15)). 

It is observed that for the same number of modules, the same load, the operation power 
for our load varies according to the manner of connecting the modules. 

These two powers cross in a point of equal power (figure (15)). These two curves present 
the same operation power for Es=46%. In figure (15), the Pfct1 (Np1xNs1=3x2) power is 
higher than Pfct2 (Np2xNs2=2x3) for Es<46%. For Es>46%, this is reversed. If adopted a 
configuration change, by adopting configuration 1 for any Es<46% and configuration 2 for 
Es>46%, the power will be better for our electrolyser and the H2 and O2 production is 
improved. Thus, the SCA exploitation will be good. 

The efficiency ηg is defined by: 
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Figure (16): efficiency evolution against insulation T=25°C 

Figure (16) illustrates the efficiencies of the two configurations against the insulation. At 
T=25°C, Es=100%, the efficiency for configuration 1 is 48.34%, for the configuration 2, it 
is 96.58%. At Es=10%, it is 100% for configuration 1 and 68.48% for configuration 2. 

It is noted that for of Es< 46%, configuration 1 brings more power to our equipment than 
the second. On the other hand, this second configuration is better than the first one for 
Es>46% since the power transmitted to our load is superior. The insulation equal to 46% is 
the insulation for which the two operating powers of the two configurations are equal. The 
two configurations can be used thus independently. Indeed, on the same figure, for weak 
insulations lower than 46%, the efficiency of configuration 1 presents  appreciable values 
exceeding those of configuration 2. For example, for Es=10% the efficiency approaches 
100% for configuration 1 whereas that of configuration 2 exceeds 10%. For Es>46%, this is 
reversed. By observing the efficiency for Es=100% for example, one sees that configuration 
2 provides a value approaching the maximum (100%) whereas that of configuration 1 is in 
the neighbourhoods of 50%. 

One will thus summarize for this load:  Es<46%, configuration 1 is better; Es>46%, 
configuration 2 is better. 

In finality, one will conclude that for a certain load, at constant temperature one will 
decide on a photovoltaic connection’s commutation according to the variation of the 
insulation. An estimation of the contribution of this method compared to that where the 
load is directly coupled to the SCA for a static configuration (Np1xNs1 alone or Np2xNs2 
alone, is the average efficiency calculation defined by:  
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Figure (17): curve obtained by the method of change of configuration 

By allowing a change of configuration, we obtain the figure (17). The average efficiency 
becomes equal to 95.173% what is very interesting. The SCA good exploitation is ensured. 

10. HYBRID SYSTEM ANALYSIS 

This work focuses on the study of the clean energy production chain that uses solar 
energy, hydrogen and electricity as seen in figure (1). For this example, the powers are: for 
the photovoltaic generator 3.6 KW, for the electrolyser 3.6 kW, and for the PEM fuel cell 4 
KW. 

The PMU model [3] defines the powers of the electrolyser, the fuel cell and battery, 
according to the power granted by the PV and that demanded by the load. The system’s 
power Psys is the sum of power extracted by the load Pload and consumption due to the 
intrinsic system PCI. Either:  

Psys =Pload+ PCI                                                                                                                                                                                   (18) 
We supposed: PCI =0W.  

Figure (18) represents the global system modeling we developed. The inputs of the 
model are metrological conditions and the load is variable with time. 

 
Figure (18): the installation modelling 



 
 

11.  BEHAVIOR ON AN AVERAGE DAY  

The dynamic behavior of the system for a typical day is depending on the insulation and 
temperature. The system’s power management used is illustrated in table (2). The insulation 
and temperature variations versus time are presented in Figure (19) and Figure (20) 
respectively. We use a cyclic load of 250 W and 500 W (Figure (21)).  

Table (2): The system’s power management  

Condition Psys>Ppv Ppv-Psys>0 Ppv-Psys> Pmin ele 

Solution PFC=Psys-Ppv PBat =Ppv-Psys P ele=Ppv-Psys 

In table (1), Ppv is the photovoltaic power extracted from the SCA, Psys is the system’s 
power, P ele is the electrolyser’s power, Pmin ele is the electrolyser minimum power PFC is the 
fuel cell power, P Batt is the battery power. 

 

  
Figure (19): Daily temperature simulation          Figure (20): Daily insulation simulation 

          
Figure (21): Electrical load consummation cycle          Figure (22): PV power versus time 

The fuel cell is supplied with oxygen in the air at Po2 = 0.63 Bar. It represents the partial 
pressure in our case. This feature leads to an increase in the average efficiency of the cells. 
The solar photovoltaic (Figure 22) is the total variable energy corresponding to the 
metrological daily conditions. The production may, for an insulation of 100W/m2 20 or 30 
% superior than the one at the coldest days. Some of this energy is supplied directly to the 
load. Figures (23) and (24) illustrate the fuel cell and electrolyser current and voltage 
curves obtained respectively. It notes that there is proportionality between the current 
flowing through the electrolyser and number of moles of hydrogen created.  

 



 
 

     
Fig (23): Fuel cell and electrolyser current curves     Fig (24): Fuel cell and electrolyser voltage 

curves    

 
The increase in the photovoltaic energy favourises the hydrogen production and the 

storage volume is sized so that the energy stored in the favorable months equals the energy 
consumed in the unfavorable months. In this case the difference is significant. The 
efficiency of the hydrogen storage system is the ratio of the energy supplied by the fuel cell 
on the energy consumed by the electrolyser. In our case, the average efficiency of the fuel 
cell is important; it varies between 56% and 68%. The average efficiency of the electrolyser 
varies between 70% and 91%. This means that the number of moles of hydrogen produced 
by electrolyser is more important (Figure (25)). So, the storage volume is more than 60%. 

 
Figure (25): Daily hydrogen storage 

This hybrid system is an example possibility to further raise the electricity generation 
efficiency fusing SCA, fuel cell, electrolyser and batteries. 

12. CONCLUSION 

The world will need a new safe clean and economical source of energy to satisfy 
population’s needs. Probably, renewable energy will be a dominant distributed energy 
resource. In late years consciousness to an environmental problem rises. Introduction of the 
renewable energy which will be kind to a global environment in the future is necessary. 
There are many different types of fuel cells; the proton exchange membrane fuel cell stands 
out as one of the most promising for transportation and small stationary applications. 
Benefits of fuel cell are less pollution, better efficiency and low maintenance. The optimum 
power point is tracked on line and maintained in spite of the working conditions and load 
variations. Control is made in real time and independently of the climate or the load 



 
 

variations. The practical tests showed us that the operating point is always brought back to 
that optimal. We supposed an electrolyser and a change according to the insulation. As in 
the real case, the temperature is not constant, it is thus necessary to evaluate its influence on 
the output.  

We have done the same process for the temperature. One noticed that the reference 
commutation mark changes with each time one varies the temperature. An average 
insulation will be the insulation which will approach more that real for each temperature. 
There is a better contribution in power thus a better total efficiency of the system as we 
showed by allowing a change of configuration. The Power Management unit preferably 
provides both full power source management and power conditioning. It is able to manage 
power flow to and from multiple, power sources and energy storage devices to deliver high 
quality power to a load with various techniques as seen. 

With improvement in the efficiency of SCA, fuel cell and electrolyser operation, it is 
possible that the system will be economically attractive in the future. Also, this article 
analyzed the study on photovoltaic and fuel cell hybrid system. This model proposed for 
one of the most promising applications is that of stationary standalone power systems. The 
possibility of this system is examined by computer simulation.  

This hybrid energy system consisting of a photovoltaic source, and a fuel cell unit 
designed to supply continuous power to the load. A description of this system is presented 
along with its simulation results in order to show its feasibility. The operational 
performance of the system is not only depending on component efficiency but also on 
system design and consumption behavior. 
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