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Abstract: In recent years, solar and wind generating systems 

have advanced rapidly. Due to the intermittent nature of both the 

wind and photovoltaic energy sources, a fuel cell unit is added to 

the system for the purpose of ensuring continuous power flow. The 

fuel cell is thus controlled to provide the deficit power when the 

combined wind and photovoltaic sources cannot meet the net 

power demand. In this paper a hybrid energy system combining 

variable speed wind turbine, solar photovoltaic and fuel cell 

generation systems is presented to supply continuous power to 

residential power applications as stand-alone loads. The wind and 

photovoltaic systems are used as main energy sources while the fuel 

cell is used as secondary or back-up energy source. The maximum 

power is extracted from the wind turbine and the solar 

photovoltaic systems. The results show that even when the sun and 

wind are not available; the system is reliable and it can supply high 

quality power to the load.  

Keywords: Hybrid energy system, variable speed wind turbine, 

photovoltaic array, fuel cell, step-up dc-dc converter, maximum 

power point tracking. 

 

I. INTRODUCTION 

Many renewable energy sources like wind turbine (WT) and 
solar photovoltaic (PV), which are clean and abundantly 
available in nature, are now well developed, cost effective and 
are being widely used, while some others like fuel cells (FC) are 
in their advanced developmental stage [1-4] . PV and WT have 
become two of the most promising sources of energy due to the 
fact that their energy sources are free and sustainable. Besides 
this, these energy sources are preferred for being environmental 
friendly. 

The common inherent drawback of wind and photovoltaic 
systems are their intermittent natures that make them unreliable. 

The integration of renewable energy sources to form a 
hybrid system is an excellent option for distributed energy 
production. In order to efficiently and economically utilize 
renewable energy resources of wind and PV applications, some 
form of back up is almost universally required. Storage energy 
systems as battery banks or super capacitors are very important 

for solar–wind power generation systems [5,6]. Solar and wind 
energy are stored during sunny and windy days and released 
later during cloudy days or at night, and to smooth power 
demands, electric energy is stored during off peak periods and 
later used during peak periods[7-10] .  

Two dc–dc buck boost converters are employed for 
maximum power point tracking (MPPT) and dc output voltage 
regulation for each subsystem of PV and WT. Also, four 
complex fuzzy logic controllers (FLC) are designed to adjust the 
duty cycles of the two buck boost converters to achieve MPPT 
and output voltage regulation for wind and PV systems [11-13]. 
Proportional integrator (PI) type controller, which controls the 
duty cycle of the dc–dc converters. 

This paper is aimed at combining WT, PV and FC 
generating systems to maximizing the output energy and 
reducing the output power fluctuations. The WT and PV are 
used as primary energy sources, while the FC is used as 
secondary or back-up energy source. Each system is combined 
with its individual dc–dc boost converter to control each of the 
three sources independently. The controller of WT and PV has 
the function of maximum power point tracking (MPPT) control 
while the controller of FC has the function of load power 
fluctuation compensator. A simple control method tracks the 
MPP of the WT is proposed without measuring the wind speed, 
which is very useful for actual small size wind turbines. The 
same control principle is applied to track MPP of the PV system 
without sensing the irradiance level and temperature. The FC is 
thus controlled to provide the deficit power when the primary 
combined PV and WT energy sources cannot meet the net load 
power demand. In the complete absence of power from the WT 
and PV sources, the FC will operate at its rated power capacity. 

A simple MPPT controller is employed to achieve MPPT for 
both PV and wind energies and to deliver this maximum power 
to a fixed dc voltage bus. The fixed voltage bus supplies the dc 
load, while the ac loads are fed through a PWM inverter. The dc 
voltage bus can be regulated using a PWM voltage source 
inverter. The excess generated power can feed a water 
electrolyzer used to generate hydrogen for supplying the fuel 
cell. The dc power required for hydrogen generation can be 
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supplied directly through the dc bus during surplus PV and wind 
power. The generated hydrogen can be stored in tanks to be 
utilized by the fuel cells when the PV and wind energy sources 
fail to supply the load demand [14, 15].  

 

II. HYBRID ENERGY SYSTEM CONFIGURATION 

The system studied in this paper comprises of a 1 kW wind 
turbine generator, 1 kW solar photovoltaic and 1.25 kW fuel cell 
stack. The individual dc–dc converters in turn connected in 
parallel. The complete hybrid system is simulated for different 
operating conditions of the energy source. The simulation 
results prove the operating principle, feasibility and reliability of 
this proposed system. Fig. 2 illustrates the proposed hybrid 
energy system configuration composed of a PV, WT coupled to 
a PM generator with a three-phase diode bridge rectifier as 
primary energy sources and FC stack as back up energy source. 
All the three energy systems are connected in parallel to a 
common dc bus line through three individual dc–dc boost 
converters. The diodes D1, D2 and D3 play an important role in 
the system. The diodes allow only unidirectional current flow 
from the sources to the dc bus line, thus keeping each source 
from acting as a load on each other. Therefore in the event of 
malfunctioning of any of the sources, the respective diode will 
automatically disconnect that source from the overall system.  

 

A.  Solar photovoltaic 
The building block of PV arrays is the solar cell, which is 

basically a p–n semiconductor junction. The current–voltage (I –
V) characteristic of a solar photovoltaic is given by Equations 
given below [16-18] 

. 
Fig. 1 Equivalent Circuit of PV cell 

 

From the Equivalent circuit of PV cell- 

 

I = Iph  Id              (1)  

           

I = Iph Io     
         

    
      

     

   
                              (2)  

                    

Where, 

Iph = Photocurrent, Id = Diode current, 

Io= Saturation current, A = Ideality factor, 

q = Electronic charge (1.6x10
-9

C),  

kB= Boltzmann’s gas constant (1.38x10
-23

),  

T = Cell temperature, Rs= Series resistance, 

Rsh= Shunt resistance, I = cell current, 

V = cell voltage 

 
 

Fig.2 Proposed Hybrid Generating System 

 
The output characteristics of a solar array as that shown in 

the experimental measurements of Fig. 3.  

 

          
(a) I-V characteristics                (b) P-V characteristics 

                    
                           Fig.3 Characteristics of PV Array 

 
The I-V and P–V curves clearly show that the output 

characteristics of a solar PV are non-linear and are crucially 
influenced by the solar radiation, temperature and load condition 
[19].   

Power output of the PV is given by [20]: 

 

PPV = IPVVPV                                     (3) 

 

B. Wind turbine generator 
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The fundamental equation governing the mechanical power 
capture of the wind turbine rotor blades, which drives the 
electrical PM generator, is given by [21] 

P = 
  

 
  ACPV

3
                 (4) 

where   is the air density(kg/m3), A is the area swept by the 
rotor blades, V is the air velocity (m/s), Cp  represents the power 
coefficient of the wind turbine. Therefore, if the air density, 
swept area and wind speed are assumed constant the output 
power of the wind turbine will be a function of the power 
coefficient. The wind turbine is normally characterized by its Cp 
–TSR characteristic, where the TSR is the tip-speed ratio and is 
given by [22]: 

TSR  
       

 
                                                            (5) 

In Eq. (5), R and  m are the turbine radius and the 
mechanical angular speed, respectively and V is the wind speed. 
The power coefficient has its maximum value at the optimal 
value of the tip-speed ratio (TSR opt) which results in optimum 
efficiency of the wind turbine and capture of maximum 
available wind power by the turbine.  

C.  Fuel cell system 
 The cell is an electrochemical device that generates 

electricity by a chemical reaction that does not alter the 
electrodes and the electrolyte materials. Thus, the fuel cell is a 
static device that converts the chemical energy of fuel directly 
into electric energy [23,24].  

Water and heat are only the byproducts of the fuel cell if the 
fuel is pure hydrogen. The superior reliability, with no moving 
parts, is the additional benefit of the fuel cell as compared to the 
diesel generator [25].  

Proton exchange membrane fuel cell (PEMFC) is the most 
promising fuel cell for small-scale applications. The PEM uses a 
polymer membrane as its electrolyte [26-29]. In the proposed 
system, air is used as the oxidant and hydrogen from a hydrogen 
tank as a fuel; the cell pressure is atmospheric and the cell 
temperature is 70 °C. 

PEMFCs are gaining importance in many applications as 
distribution systems because of their low operating temperature, 
higher power density, specific power, longevity, efficiency, 
relatively high durability and the ability to rapidly adjust to 
changes in power demand. Furthermore, PEM fuel cells have 
the advantage that they can be placed at any site in a distribution 
system, without geo-graphic limitations, to achieve the best 
performance [30,31]. 

The net reaction in a typical FC is given by 

 

2H2+O2→2H2 O                                                       (6) 

 

The output of the fuel cell is given by 

 

V FC = E Nernst − V Act − VOhmic − VCon          (7)     

 

where: 

 

ENernst: Thermodynamic potential of the cell    

            representing its reversible voltage. 

VAct:    Voltage drop due to the activation of the anode  

           and cathode. It is a measure of the voltage     

           drop associated with the electrodes. 

VOhmic: Ohmic voltage drop resulting from the  

            resistances of the conduction of protons    

            through the solid electrolyte and the electrons  

            through its path. 

VCon:   Voltage drop resulting from the reduction in  

            concentration of the reactants gases or,  

            alternatively, from the transport of mass of   

            oxygen and hydrogen. 

 
The instantaneous electric power of each fuel cell is given by 

equations 8 [10]:  

 

PFC=VFC × iFC                                                     (8)  

                  

where: 

 

iFC:    Cell operating current (A), 

V FC: Output voltage of the fuel cell for a given  

          operating condition (V), 

PFC:   Output power of each fuel cell (W). 

III. SYSTEM CONTROL 

As shown in Fig. 2,  dc-dc boost converter divides the 
system voltage into two levels, variable voltage at the output 
terminal of the energy source Vi  and fixed dc voltage at the dc 
bus line (load terminal) Vo . 

The state equations of dc-dc boost converter can be given by 
(9), where S is the switch state that takes the value 1or 0, Vi is 
the input voltage to the dc-dc converter output from each energy 
source) and Vo is the dc link output voltage. 

 

           (9) 

 
In PV and WT systems, the terminal voltage is controlled 

based on the voltage error signal. For the PV system, the PV 
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voltage and current are sensed to determine the reference 
voltage at which MPP occurs. The error signal which is the 
difference between the reference voltage and the actual voltage 
of the PV is fed to the voltage controller to control the duty 
cycle of the PV boost converter. For the WT the error signal is 
the difference between the reference rectified voltage of the 
PMG for MPPT and measured rectified voltage. This error 
signal is fed to the voltage controller which controls the duty 
cycle of the WT boost converter. 

The total supply generated power must be controlled so as to 
meet the required load demand since the output power of 
photovoltaic and wind turbine generators fluctuate with 
irradiation and wind speed. The FC output power is controlled 
based on the difference power command ΔP, which is the load 
power (command value) PS minus the summation of the power 
generated from the PV and WT PPV and PWT, respectively, 

 

PFC = ΔP = PS ─ PPV ─ PWT                                                       (10) 

 
Fig. 4 shows the configuration of control topology of the 

three individual dc-dc converters. Since this system cannot 
allow reverse power flow, because of the configuration of dc 
boost converter, many generating units can be connected in 
parallel. 

 

 
(a)MPPT of photovoltaic system 

 

 
(b) MPPT of Wind Turbine system 

 

 
(c) Fuel cell stack 

 
        Fig. 4 Control principles of dc-dc boost converters 

IV. SIMULATION RESULTS 

Power module fuel cell stack consists of 50 cells connected 
in series to produce rated output power of 1.25 kW. The hybrid 
system is sized to power a typical 2kW/150 V dc 
telecommunication load or an ac residential power application 
continuously through the year in remote locations or isolated 

islands. The load is simulated as a constant resistive load 
connected to a fixed dc bus line voltage, 

 
     (a) PV output power        (b) WT output power 

Fig. 5 variation of the power output of the energy sources 

 

Fig. 5 a shows the PV system is assumed to be 0.5 kW 
initially and then increases to 0.75 kW due to a sudden increase 
of irradiance level from 0.7 to 1.0 kW/m at 0.5 s.  

Fig. 5b indicates that the WT output is generating 1.0 kW 
initially and then decreases to 0.5 kW due to a sudden decrease 
in wind speed from 15.6 to 2.5 m/s at 0.2 s. 

(a)PV output 

power                   (b) WT output power 

 (c) Simulation 

of PV & WT     (d) FC command power & generated power                             

output power             
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(e) Hybrid system output power      (f) error in supply                               

                                                             power demand    

 
Fig.6 Generated power in PV, WT & FC and total output        

          power 

It is clear in both cases of Fig. 6 a and b that the curves of 
maximum available PV and wind power coincide with the 
generated output power, which proves that the controller forces 
the system to extract the maximum power and deliver it as 
useful electric energy to the dc-link bus.  

The reference power command of FC is determined as the 
difference between the load power 2.0 kW and the generated 
power of PV and WT. The output power of the FC system is 
shown in Fig. 6c, which varies with the changes in the PV and 
WT output power. The FC output power changes from 0.5 kW 
to 1.0 kW and then to 0.75 kW at a time of 0.2 and 0.5 s, 
respectively. Fig. 6 d indicates the total generated power of the 
hybrid system. From Fig. 6 d, it is clear to note that the hybrid 
system output power is always maintained constant at the load 
power demand in spite of the fluctuations in the PV and WT 
output power. 

Fig. 7 proves the concept of individual control of dc–dc 
converters of the three sources.  

        
(a) Ref. (Vmp) & output        (b) Ref. (Vdcg_ref) & PMG 

     voltage of PV  system              rectified voltage                                                                                                

 

                    
             (c) Reference and output voltage of FC 

 
Fig.7 Control of PV, WT and FC systems 

 
From Fig. 7 a, it is clear that the PV output voltage follows 

well the reference voltage of the maximum power point to 
extract the maximum power of the PV system. Fig. 7 b shows 
the effective control of the PM generator rectified voltage 
follows the reference value to track the maximum power of WT. 

Detailed results of both PV and WT systems as the controller 
duty cycles for MPPT and output voltages can be found in [22]. 
Finally, Fig. 7 c shows the output voltage control of the FC, 
which coincides well with the reference voltage from the 
controller (FC required power), to generate the deficit power 
between the load demand and the generated power from the PV 
and WT systems.  

Fig. 7a plots the variation in PV output power as the 
insulation changes rapidly and continuously. Fig. 7b shows the 
output power variation of WT as the wind speed changes rapidly 
and continuously. Detailed change in the insulation and wind 
speed changes are listed in [21] . Summation of PV and WT 
outputs is shown in Fig. 7 c.  

Fig. 8 shows the efficient control of the three dc–dc 
converters to control the reference output voltage of the three 
systems to track its reference value even under sudden and 
continuous change in the irradiance level and wind speed. 

Fig. 8 illustrates the changes in output voltage, stack current 
and airflow that accompany a step change in load for Nexa 
Barrad FC. At idle, the oxidant airflow rate closely tracks the 
requested flow. After a load step to full power, the air pump 
rapidly speeds up. There is a brief (about 0.5 s) undershoot (2.5 
V) in stack voltage during this transient, before the output 
voltage stabilizes at 26 V. Stack current also increases slightly 
during this transient interval, due to increased parasitic power 
draw from the air compressor. A similar transient interval occurs 
after a load step from full power to idle. Airflow is gradually 
reduced, due to inertia in the air pump. 

 

 
Fig.8 Nexa Barrad PEMFC transient response   characteristic 

 

Output voltage gradually recovers and stabilizes to 43 V over a 

0.5 s interval. Therefore, the Nexa Ballard FC has a fast 

dynamic response; it takes only 0.5 s to accelerate from no load 

to its rated output power. Also, it can reduce its output from 

rated power to idle at 0.5 s. Therefore, it is able to suppress most 

of the fluctuations in the output power of PV and WT hybrid 

system up to 2 Hz. High frequency fluctuations can be 

suppressed using storage devices as electrolytic double layer 

capacitor (EDLC), which is the subject of future work. Such 

device is necessary to suppress the high frequency fluctuations 
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for very critical loads and to absorb the excessive generated 

power. Therefore, the system can supply very high-quality 

power to load demand. 

 

V. CONCLUSIONS 

The output power of wind turbine and solar photovoltaic 
generators mostly fluctuates and has an effect on system 
frequency. One of the existing methods to solve these issues is 
to install batteries which absorb power from wind turbine 
generators. The other method is to install dump loads which 
dissipates fluctuating power. However, such methods are costly 
and not effective and cannot guarantee continuous power flow 
to the load. Therefore, this paper presents a solar photovoltaic, 
wind turbine and fuel cell hybrid generation system to supply a 
continuous output power. The fuel cell is used to suppress the 
fluctuations of the photovoltaic and wind turbine output power. 
The photovoltaic and wind turbines are controlled to track the 
maximum power point at all operating conditions. The fuel cell 
is controlled to supply the deficit power between the load power 
demand and the generated power of the combined photovoltaic 
and wind turbine sources. Therefore, the proposed hybrid 
generation system can supply high-quality power. 
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