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ABSTRACT 
Renewable energy sources have slowly replaced the customary fossil fuel plants because their energy is clean and available free of 

cost. The hybrid power system considered consists of two or more renewable energy sources to supply an isolated site without 

interruption and high reliability.  This paper proposes a new optimized energy management strategy for the hybrid unit which 

includes a wind generator (WG), a fuel cell (FC), an electrolyzer (EL) along with a storage battery. The control algorithm was 

developed to manage the power flow between the sources, storage elements and load. The control algorithm meets the objective of 

managing the sources and the demand by maintaining the SOC of the battery and hydrogen tank level at set target level. The 

mathematical model of the hybrid unit is implemented in MATLAB/SIMULINK software. Simulation results demonstrate the 

performance of the energy management strategy for the hybrid unit under various conditions of power generation and load 

demand. 
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INTRODUCTION 

 
The need for energy and its allied services to improve the quality of mankind and their development both 

economically and socially are still increasing. Energy is an essential commodity to meet the basic human needs 
and for the nation development. Since 1850, the use of fossil fuel dominates the production of energy which has 
led to the rapid increase in CO2 emission and hence degrading the environment. There are multiple options for 
lowering GHG emissions while still satisfying the global demand for energy services. The trend emerges to use 
of renewable energy which basically comes from the sun in one way or another provide opportunities for an 
unlimited sustainable energy supply with low environmental impact often termed as clear or green energy. 
Renewable energy such as wind generators and photovoltaic system can generate electricity using clean 
unlimited resources. 

Wind energy seems to be gathering increased attention around the globe. The combination of different 
renewable sources resolves the problems of isolated sites electrification and availability problem of the 
resources. The hybrid production systems increase system efficiency by allowing optimization of energy 
sources. The correct sizing of the hybrid system is very vital to utilize the sources to its full efficiency and also 
they meet the load profiles without disruption. There are several methods reported in literature about the sizing  
of hybrid sources [1,3,4]. Since the sources are not continuous and interim in nature, a hybrid system along with 
storage units is a good option to meet the energy needs throughout the year. Hydrogen fuel cell with hydrogen 
storage tank and electrolyzer act as a good means for an extended term storage unit. This paper integrates the 



202   R.Karthick and S.Manoharan., 2015/ Advances in Natural and Applied Sciences. 9(17) Special 2015, Pages: 201-211 

WG with fuel cell, electrolyzer and a battery to supply the load. When the wind generator produces more power 
than the load demand, the excess power is utilized by electrolyzer and battery. In electrolyzer, electrolysis 
process is carried out where resulting hydrogen is stored in tank. When the generation by wind generator is not 
able to meet the demand, the fuel cell supplies the power with help of hydrogen storage in the tank. When the 
fuel cell is not able to meet the demand, the energy stored in the battery supports the load. 

In this paper, a stand-alone hybrid power system constituted of a wind energy system and fuel cell as 
energy sources, an electrolyzer as hydrogen storage system, and battery as a fast responding storage system is 
suggested. The objective of this work is to intend an optimized energy management algorithm to meet the 
following constraints. 1) Wind speed fluctuations 2) load demand 3) storage level of hydrogen system and 
battery 4) optimal operation of each element. Therefore the proposed control strategy ensures an optimal energy 
management and increases the overall system efficiency. The rest of the paper is organized as follows section II 
describes the hybrid power system structure. Section III describes modeling of components of hybrid system. 
Section IV describes the optimized control strategy for the energy management of the system. Evaluation of 
performance of control strategy is discussed in section V. Simulation results are discussed in section VI. Finally, 
concluding remarks are given in section VII. 

 
Hybrid System Structure: 

The proposed structure of the hybrid power system is shown in Figure 1. The hybrid unit consists of wind 
generator, an electrolyzer, fuel cell with hydrogen storage tank and battery. The rating of the wind generator is 
1.5 KW. A proton exchange membrane fuel cell (PEMFC) is considered with a rated power of 1 KW and 
hydrogen storage tank rated at 1KW. The hybrid unit also consists of a battery which is 240V dc which is a fast 
dynamic storage system in order to support the load, when fuel cell fails to support the demand. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Block diagram of hybrid power system 
 

Modeling of the Components of Hybrid Power System: 
3.1 Wind Generator: 

Based on turbine wind energy conversion system are of two types a) fixed speed b) variable speed wind 
turbine. The speed of the turbine is adjusted in order to capture maximum power in VSWT whereas the turbine 
speed is fixed in FSWT in spite of varying wind speed. 

The power in the wind is given by kinetic energy of air, 
 
 
 
 
                            (1) 
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The power transferred to the wind turbine rotor is reduced by the power coefficient, Cp given by 
 
                            (2) 
 
where Pwind turbine = Cp*Pair                               (3) 
           =              (4) 
 
 
The aerodynamic power of the wind turbine is  
            

   (5) 
 
The power coefficient Cp is related to the tip speed ratio (TSR) and pitch angle β 
            
                                                                                                                                                                        (6) 
 
The tip speed ratio λ and the power coefficient Cp are the dimension less and so can be used to describe the 

performance of any size of wind turbine rotor [5,6,7]. The wind turbine can produce maximum power when 
turbine operates at a maximum Cp. Therefore it is necessary to keep the rotor speed at an optimum value of the 
tip speed ratio λopt. The turbine is coupled to PMSG for the conversation of mechanical energy into electrical 
energy. 

The voltage equation of the PMSG in the dq-axes reference frame can be expressed as follows: 
               (7) 
 
 
 
                            (8) 
The generator torque of PMSG is given by, 
                            (9) 
 
 

3.2 Proton Exchange Membrane Fuel Cell: 
A fuel cell is a device that converts the chemical energy of a fuel and an oxidant directly into   electricity. 

Hydrogen is the fuel which is stored in a tank. 
The empirical formula for fuel cell voltage is 
                          (10) 
 
Where Ecell  is the thermodynamic potential of the cell, Vact is activation overvoltage, Vohmic is Ohmic 

overvoltage and Vcon is concentration over voltage. 
A single fuel cell will produce less than one volt of electrical potential. To produce higher voltages, fuel 

cells are stacked on top of each other and connected in series. 
                          (11) 
 
Where nfc is the number of cells in series and Vfc is the voltage of single fuel cell. Modeling of the fuel cell 

depends on the pressure of hydrogen tank [8,9,10]. 
 
3.3 Electrolyzer: 

Electrolyzer plays important role in the hybrid system. An electrolyzer is a well known electrochemical 
device utilizing electrical current to decompose water into hydrogen and oxygen [11,12]. According to 
Faraday’s law, the production rate of hydrogen in an electrolyzer cell is proportional to the electrical current in 
the circuit.   

                          (12) 
 
                          (13) 
 
 

 = Hydrogen production rate, mol s-1 
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   = Faraday’s efficiency 
 nc   = The number of electrolyzer cells in series 
 ie    = Electrolyzer current [A] 
 F     = Faraday constant [C kmol-1] 

 
3.4 Hydrogen Storage Tank: 

Oxygen in water during electrolysis is usually released to the atmosphere whereas hydrogen is absolutely 
non-poisonous it is stored in a tank. 

             (13) 
 
Pbi = Pressure of tank (pascal)  
Pb  = Initial pressure of the storage tank(pascal)  
R  = Universal (rydberg) gas constant(J/kmol K)  
Tb = Operating temperature (K) 
Vb = Volume of the tank (m3) 
Z  = Compressibility factor as a function of the pressure 
P = pressure, Vm = molar volume,  
T   = temperature 

 
3.5 Battery: 

Developing technology to store electrical energy so it can be available to meet demand whenever needed 
would represent a major breakthrough in electricity distribution. The storage battery or secondary battery is such 
battery where electrical energy can be stored as chemical energy and again converted to electrical energy are 
required. The battery utilizes the excess energy and store in it known as charging of battery. When the load 
demand is higher than the source the deficient energy is supplied by the battery known as discharging of battery 
[11, 14, 15, 16, 17]. Lead acid battery is modeled and the electrochemistry equation are given as, 
 
Negative plate reaction: 
 
Pb(s) + HSO4− (aq) → PbSO4(s) + H+(aq) + 2e−                 (15) 

 
Positive plate reaction: 
 
PbO2(s) + HSO4− (aq) + 3H+(aq) + 2e− → PbSO4(s) +2H2O(l)                            (16)  

 
The total reaction can be written as 

 
Pb(s) + PbO2(s) + 2H2SO4(aq) → 2PbS4(s) + 2H2O(l)            17) 

 
Optimized Control Strategy: 

Proper control and the energy management of stand-alone hybrid system with multiple renewable energy 
sources and energy storages is absolutely critical in order to achieve continuous reliable and cost efficient 
operations. Depending on load condition, the control strategy allocates the sources to meet the load demand in 
order to avoid the interruption. The strategy compares the load power with the source power and then allocate 
the source to meet the demand [2,3,13] as shown in fig.2. 

MODE  1: The output power of wind generator is equal to the load demand. Pg-Pl=0. All other sources are 
in OFF state.  

MODE  2: The output from the wind generator is greater than the load demand, then excess energy is 
utilized by the electrolyzer and produce hydrogen which is stored in hydrogen tank Pg>Pl. 

MODE 3: When the hydrogen tank reaches its desired pressure limit, the excess energy is utilized for 
charging of battery depending on its SOC level. When SOC level is reached excess energy is given to dump 
load. 

Pg>Pl=charge battery (Pg-Pl) 
MODE 4: When the load demand is higher than the wind generator the deficient in power is supplied by 

fuel cell when the pressure in hydrogen tank drops and fuel cell cannot support the load.              
Pf=Pg-Pl 
MODE 5: Battery supplies the load when the fuel cell fails to supply the load when dob level of battery is 

reached the battery cannot support the load. 
Pb=Pg-Pl-Pf 
The condition when the Pg+Pf+Pb<Pl, the system is completely shutdown. 
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Fig. 2: Flowchart describing the switching conditions 
 
5. Simulation Results: 

The proposed hybrid system consists of a wind generator, a fuel cell, an electrolyzer, battery and a grid 
inverter. Initially the wind generator supplies the load, when the load demand decreases, the surplus energy is 
utilized by the electrolyzer. The electrolysis process is carried out in electrolyzer where the water gets splits into 
hydrogen and oxygen. The hydrogen is stored in the tank which serves as the input to the fuel cell. The excess 
energy is also utilized by the battery. When the demand is greater than wind generation, the deficient power is 
supplied by the fuel cell utilizing hydrogen from the tank. When the pressure in the tank decreases the fuel cell 
cannot able to meet the load, then the battery supports the load. The condition when the battery is unable to 
support the load demand the unit is completely shutdown. The overall simulation model of the system is shown 
in the Figure 3. 
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Fig. 3: Overall simulation of the hybrid system 
 
Wind Generator Unit: 

The wind generator considered here is a Permanent Magnet Synchronous Generator. The output is rectified 
using uncontrolled rectifier and it is boosted to meet the dc link voltage using boost converter. Simulation 
results of wind generating unit with varying wind speed and the corresponding voltage waveform along with the 
rectified output is shown in the Figure 4.  
 
Electrolyzer unit: 

Dc bus voltage is 400V and the rating of electrolyzer is 1Kw therefore voltage is bucked using buck 
converter. The result is shown in the Figure. 5. 
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Fuel cell unit: 
Only when the pressure in the hydrogen tank is 65 bar, it serves as input to the fuel cell. The output voltage 

from fuel cell is 800v which is bucked to 400v to meet the DC bus voltage. When the pressure decreases in the 
tank, fuel cell cannot supply the load. 
 
Inverter unit: 

Inverter model is designed to generate necessary AC waveforms as shown in Figure 9. Some harmonics 
have been found in the output of the inverter which has been eliminated using necessary filters. 
 
6. Performance Evaluation of Control Strategy: 

Case 1: The condition when generation and load is equal. The switching condition of the hybrid power 
system is shown in the figure. The waveform describes that only wind generator supplies the load whereas the 
fuel cell, electrolyzer and battery are at the off condition. The load voltage is shown in the Figure 10. 

 
  

Fig. 4: Output waveform of wind generating unit 

 
Fig. 5: Waveform of electrolyzer 
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Fig. 6: Output Voltage of Fuel Cell with Buck Converter 
 
Case 2: The condition when generation is greater than the load demand. The demand is lesser than the 

generation then the excess energy is utilized by electrolyzer. The electrolyzer is on and when the hydrogen tank 
pressure is 65 bar then the battery starts charging. Then the SOC level of the battery is getting increased as 
shown in Figure 11. 

 

 
 
Fig. 7: Discharging Output of Battery 

 

 
Fig. 8: Charging Output of the Battery 
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Fig. 9: Waveform of inverter unit 

 

 
 

Fig. 10: Switching conditions for case1 
 

 
 

Fig. 11: Switching Conditions for Case 2 
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Case 3: The condition when the load demand is greater than the generation, due to decrease in the 
generation the deficient power is supplied by the fuel cell when the pressure in the tank is reduced below 65 bar 
then battery supports the load demand. 

The switching condition for this case is shown in the Figure 12; the fuel cell is on when the pressure in the 
tank drops then the discharging signal of the battery is on, electrolyzer, charging circuit of the battery is off. 

Case 4: The condition when generation decreases further i.e deficient power is not met by any of the 
sources. Thus the fuel cell and battery will be in on condition as shown in the figure 13. If all sources do not 
meet supply the demand then the system gets shutdown.  

Thus the aim of the hybrid system is to supply continuous supply without any interruption considering the 
above mentioned conditions. 

 

 
 

Fig. 12: Switching Condition for Case 3 
 

 
 

Fig. 13: Switching Condition for Case 4 
 

Conclusion: 
This paper proposes an energy management algorithm for the hybrid power system. The hybrid power 

system comprises of a wind turbine, a fuel cell, an electrolyzer and battery. The performance of the control 
strategy is evaluated under different source and load conditions. The proposed control system is implemented in 
the MATLAB/SIMULINK and tested under various source and load condition. Results are presented and 
discussed. The main aim of the control strategy is to provide permanent supply to the load using various 



211   R.Karthick and S.Manoharan., 2015/ Advances in Natural and Applied Sciences. 9(17) Special 2015, Pages: 201-211 

sources. Soft computing techniques can be used in the control strategy for source allocation which is considered 
as future work. Power quality issues can also be investigated in the hybrid system. Various other conventional 
combinations of sources can also be used along with renewable energy sources in the hybrid system. 
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