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Abstract— In this study, a multi-source hybrid alternative 

generation system consisting of wind, PV, fuel cell, 

electrolyzer and Super capacitor is proposed. Wind and 

photovoltaic are the primary power sources of the system to 

take full advantage of renewable energy around us. The 

FC/electrolyzer combination is used as a backup and long 

term storage system. For a stand-alone application, a super 

capacitor is also used in the system as short term energy 

storage to supply fast transient and ripple power. The overall 

power management strategy with standalone. Modeling and 

control of hybrid wind/PV/fc-super capacitor system is 

proposed in this dissertation work. All energy source and 

component is connected to the Ac bus. The main component 

of hybrid dynamic model are wind energy conversion 

system, PV energy conversion system, fuel cell, super 

capacitor, power electronics interfacing circuits, battery, 

hydrogen storage tank, gas compressor. Modeling and 

control of PV cell, Modeling and control of WECS, 

Modeling of fuel cell – super capacitor combination system 

and overall power management strategy are discussed in this 

dissertation work. Based on the dynamic component models, 

a simulation model for the proposed hybrid energy system 

has been developed using MATLAB/Simulink. For the 

coordination of power flowing between different energy 

sources the overall power management strategy is effective 

and power flow between different energy sources and load 

demand is balanced. 
Key words: Hybrid Photovoltaic, Electrolyzer Storage, 
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I. INTRODUCTION 

There is no man who can live without energy; it is important 

aspect to everyone’s life no matter where and when they are. 

In today’s fast growing world this is true, where people want 

to live higher quality of life. Among all the different types 

of energy, electrical energy is one of the most important that 

people need every day. In this chapter an Overview is given 

on the world energy demand and their development trends in 

near feature and also the motivation for the research work 

and scope of research work is proposed. 

A. World Energy Demand: 

 
Fig. 1.1: World Energy Consumption 1970-2025 

Ever and ever increasing demand of HI profile life of people 

the world energy consumption is expected to grow about 58-

60% in the next 20 years. An average growth rate of 1.6% 

and more then 2/3 of growth in world energy is used will 

come from developing country where economy and 

population is highest. Fig 1.1 shows the world energy 

consumption of 1970-2035.  

Our economy is heavily dependent on the energy 

based on fossil fuel, but global conflict may be arises. 

During the process of generating electrical energy from 

fossil fuel the global environment has already been affected. 

So it is a big challenge against the whole world to find out 

the source of energy. 

                Electricity can be generated by the many sources 

of energy like thermal power plants (fossil fuel and natural 

gases), hydro power plants, and other alternative energy 

sources (such as wind generator, photovoltaic arrays, fuel 

cell, biomass power plant etc.). among all of the sources of 

electricity production fossil fuel and nuclear energy used in 

thermal power plants are not renewable their resources are 

limited whereas renewable energy sources can self-renew 

and sustain for future. 

B. Why Alternative/Renewable Energy? 

There has been tremendous growth in technology and 

population of the world, world energy and development are 

easily related, resulting in increase the use of fossil fuels, 

such as petrol, coal, natural gases which cannot renewed. In 

the fast growing development population leads to increase in 

the usage of electricity. Electricity mainly generated from 

non-renewable energy sources. Since non-renewable energy 

sources are finite and cannot match up to need of the world. 

Currently these sources are in quantity, but will demise in 

the near feature because of the increasing demand of 

electricity. 

Even if these sources are available in quality, the 

non-renewable energy sources have a big negative impact 

on the environment. They produce immerse toxic waste and 

pollute the environment to great extent. The usage of fossil 

fuel is one of the reasons for global warming. Electricity 

generated from the fossil fuel and coal results in harmful 

emissions of nitrogen oxide and sulfur dioxides which is 

harmful. All of above indicates us to discover alternate 

sources of energy, these alternate sources of energy are 

renewable energy sources which are available in quantity. A 

renewable source of energy mainly consists of solar energy, 

wind energy, bio-mass, geothermal, and hydro power. As 

technology increased the usage of above mentioned energy 

sources are increased. 

C. Advantages of Renewable Energy Sources: 

 They do not support global warming. 

 These energy sources are available for free. 

 These sources produce minimal toxic waste and 

hence do not pollute the environment in a negative 

way. They are a clean source of energy since they 

do not contribute to air pollution . 
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 Renewable power plants are located far away from 

the suburbs in cities which brings economic 

benefits in many regional places . 

 Operational cost of the power plants are less since 

the source of energy is acquired in a natural way. 

Because of which the maintenance cost is also 

reduced. 

D. Disadvantages of Renewable Energy Sources: 

Renewable energy sources are definitely more beneficial 

than the non-renewable energy sources. But, renewable 

sources have their own shortcomings because of which they 

aren’t used as widely as fossil fuels. The following are the 

reasons which have hindered their use on a wide scope. 

 Solar energy is the optimum source of energy to 

produce electricity but the initial cost of 

manufacturing photovoltaic panels is very high. 

 Solar panels need to be installed in a large and 

open area and is optimum only for locations 

receiving a plethora of sunlight. 

 Solar energy production is not possible as night. 

Hence requires the use of batteries or hydrogen fuel 

cell to store electricity. 

 Wind turbines are generally noisy in operation. 

Hence it contributes to noise pollution. 

 Wind turbines could be dangerous for birds.  

E. Stand-Alone System: 

A stand-alone power system (SAPS or SPS), also known as 

remote area power supply (RAPS), is an off-the-grid 

electricity system for locations that are not fitted with an 

electricity distribution system. Typical SAPS include one or 

more methods of electricity generation, energy storage, and 

regulation. Electricity is typically generated by one or more 

of the following methods: 

 Solar panel 

 Wind turbine 

 Geothermal source 

 Micro combined heat and power 

 Micro hydro 

 Diesel or biofuel generator 

F. Stand-Alone V/S Grid Connected: 

1) Stand-Alone PV Systems: 

Stand-alone systems are not connected with utility power 

lines and these are self-sufficient systems. These systems 

could either be used to charge the batteries that serve as an 

energy storage device or could work directly using the solar 

energy available in the daytimes. These systems consist of 

the following:  

 Solar panels mounted on the roof or in open spaces. 

Photovoltaic modules produce direct current (DC) 

electrical power. 

 Batteries to store DC energy generated by the solar 

panels. 

 Charge controller to prevent overcharging the 

battery. 

 Inverter to convert electricity produced by the 

system from DC to AC power. 

G. The Proposed System: 

 
Fig. 1.2: System configuration of the proposed multisource 

alternative hybrid Energy system. 

Figure shows the system configuration for the proposed 

hybrid alternative energy system.  In the system, the 

renewable wind and solar power are taken as the primary 

source while fuel cell/electrolyzer combination is used as a 

backup and storage system.  

In the system, the renewable wind and PV power 

are taken as the primary source while the FC–electrolyzer 

combination is used as a backup and storage system. This 

system can be considered as a complete ―green‖ power 

generation system because the main energy sources and 

storage system are all environmentally friendly, and it can 

be stand-alone or grid-connected. When there is excess wind 

and/or solar generation available, the electrolyzer turns on to 

begin producing hydrogen, which is delivered to the 

hydrogen storage tanks. If the H2 storage tanks become full, 

the excess power will be diverted to other dump loads which 

are not shown in Figure 3.1. When there is a deficit in power 

generation, the fuel cell stack will begin to produce energy 

using hydrogen from the reservoir tanks, or in case they are 

empty, from the backup H2 tanks. A super capacitor is used 

to supply transient power to fast load transients, ripples and 

spikes in stand-alone applications. For grid-connected 

applications, the battery bank can be taken out from the 

system; the utility grid will take care of transient power. 

Different energy sources are connected to a 60 Hz AC bus 

through appropriate power electronic interfacing circuits. 

The system can be easily expended; i.e., other energy 

sources can be integrated into the system when they are 

available as shown in Figure. The main system components 

and their sizes are discussed in the following section. 

H. Overall Power Management Strategy: 

An overall control strategy for power management among 

different energy sources in a multisource energy system is 

http://en.wikipedia.org/wiki/Off-the-grid
http://en.wikipedia.org/wiki/Electricity
http://en.wikipedia.org/wiki/Electricity_distribution
http://en.wikipedia.org/wiki/Electricity_generation
http://en.wikipedia.org/wiki/Grid_energy_storage
http://en.wikipedia.org/wiki/Photovoltaic_module
http://en.wikipedia.org/wiki/Wind_turbine
http://en.wikipedia.org/wiki/Geothermal
http://en.wikipedia.org/wiki/Micro_combined_heat_and_power
http://en.wikipedia.org/wiki/Micro_hydro
http://en.wikipedia.org/wiki/Diesel_generator
http://en.wikipedia.org/wiki/Biofuel
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needed. Fig. Shows the block diagram of the overall control 

strategy for the proposed hybrid alternative energy system. 

The WECS, controlled by a pitch angle controller, and a PV 

electricity generation unit, controlled by a maximum power 

point tracking (MPPT) controller are the main energy 

sources of the system. 

 
Fig. 1.3: Overall Power Management Strategy 

The power difference between the generation 

sources and the load demand is calculated as  

Pnet = Pwind + PPV − Pload − Psc  

Where Pwind is the power generated by the 

WECS, PPV is the power generated by the PV energy 

conversion system, Pload is the load demand, and Psc is the 

self-consumed power for operating the system. The system 

self-consumed power is the power consumed by the 

auxiliary system components to keep it running, for 

example, the power needed for running the cooling systems, 

the control units, and the gas compressor. For the purpose of 

simplification, only the power consumed by the compressor 

(Pcomp) is considered in this study. 

The governing control strategy is that, at any given 

time, any excess wind and PV-generated power (Pnet > 0) is 

supplied to the electrolyzer to generate hydrogen that is 

delivered to the hydrogen storage tanks through a gas 

compressor. Therefore, the power balance equation given in 

(8) can be written as  

Pwind + PPV = Pload + Pelec + Pcomp, Pnet > 0  

Where Pelec is the power consumed by the 

electrolyzer to generate H2 and Pcomp is the power 

consumed by the gas compressor. When there is a deficit in 

power generation (Pnet < 0), the FC stack begins to produce 

energy for the load using hydrogen from the storage tanks. 

Therefore, the power balance equation for this situation can 

be written as  

Pwind + PPV + PFC = Pload, Pnet < 0  

Where PFC is the power generated by the FC stack. 

I. Simulations and Results: 

1) Modeling a PV Cell: 

The use of equivalent electric circuits makes it possible to 

model characteristics of a PV cell. The method used here is 

implemented in MATLAB programs for simulations. The 

same modeling technique is also applicable for modeling a 

PV module.  

The simplest model of a PV cell is shown as an equivalent 

circuit below that consists of an ideal current source in 

parallel with an ideal diode. The current source represents 

the current generated by photons (often denoted as Iph or 

IL), and its output is constant under constant temperature 

and constant incident radiation of light.  

 
Fig. 1.5:  PV cell with a load and its simple equivalent 

circuit 

There are two key parameters frequently used to 

characterize a PV cell. Shorting together the terminals of the 

cell, as shown in figure, the photon generated current will 

follow out of the cell as a short-circuit current (Isc). Thus, 

Iph = Isc. As shown in Figure, when there is no connection 

to the PV cell (open-circuit), the photon generated current is 

shunted internally by the intrinsic p-n junction diode. This 

gives the open circuit voltage (Voc). The PV module or cell 

manufacturers usually provide the values of these 

parameters in their datasheets. 

 
Fig. 1.4: Diagrams showing a short-circuit and an open-

circuit condition 

The output current (I) from the PV cell is found by 

applying the Kirchhoff’s current law (KCL) on the 

equivalent circuit shown in Figure above.  

           I = Isc-Id                                                              (1.1) 

Where: Isc is the short-circuit current that is equal to the 

photon generated current, and Id is the current shunted 

through the intrinsic diode.  The diode current Id is given by 

the Shockley’s diode equation     

            Id = 

I0(e
qvd/kT

                                                       

(1.2) 

Where: Io is the reverse saturation current of diode (A), 

q is the electron charge (1.602×10^-19 C),  

Vd is the voltage across the diode (V),  

k is the Boltzmann’s constant (1.381×10^-23 J/K),  

T is the junction temperature in Kelvin (K). 
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Replacing Id of the equation (1.1) by the equation (1.2) 

gives the current-voltage relationship of the PV cell. 

 I=Isc–Io 

(e
qvd/kT

 

 

Where: V is the voltage across the PV cell, and I is 

the output current from the cell. 

The reverse saturation current of diode (Io) is 

constant under the constant temperature and found by 

setting the open-circuit condition as shown in Fig.  Using 

the equation (1.3), let I = 0 (no output current) and solve for 

Io. 

 0=Isc–Io 

(e
qvd/kT

                                                       (1.4) 

Isc=Io 

(e
qvd/kT

                                                            

(1.5) 

To a very good approximation, the photon 

generated current, which is equal to Isc, is directly 

proportional to the irradiance, the intensity of illumination, 

to PV cell.  Thus, if the value, Isc, is known from the 

datasheet, under the standard test condition, 

Go=1000W/m^2 at the air mass (AM) = 1.5, then the photon 

generated current at any other irradiance, G (W/m^2), is 

given by: 

                  (1.6)                            

Figure below shows that current and voltage relationship 

(often called as an I-V curve) of an ideal PV cell simulated 

by MATLAB using the simplest equivalent circuit model.  

The discussion of MATLAB simulations will appear in 

below.  The PV cell output is both limited by the cell current 

and the cell voltage, and it can only produce a power with 

any combinations of current and voltage on the I-V curve.  It 

also shows that the cell current is proportional to the 

irradiance. 

 
Fig. 1.6:  I-V plot of ideal PV cell under two different levels 

of irradiance 

Fig. 1.7: PV and Fuel Cell Hybrid System 

 
Fig. 1.8:  PV Module 

 
Fig. 1.9: PV Module Subsystem 
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2) Simulations for Boost Converter: 

Fig. 1.10: Simulations for Boost Converter 

In this model of Boost converter two IGBTs are 

used. And Duty cycles for switching is calculated on the 

bases of output function and reference value. 

3) FC Power Controller: 

 
Fig. 1.11: FC Power Controller 

4) Fuel Cell Module: 

 
Fig. 1.12: Fuel Cell Module 

5) Matlab Inverter Module: 

 
Fig. 1.14: Matlab Inverter Module 

6) Load and Output System: 

 
Fig. 1.15: Load And Output System 

7) Results of 1000 Insolation and 50KW Load 

 

4.5.10 Output Waveform of Vdc, Vab_inv Vab Load and 

Modulation Index for 1000 Insolation and 50KW Load   

Insolation Load Ac Voltage

Cell

V V I P

(V) (v) (A) (KW) (A) (KW) (V) (A)

1000 50 415.3 961.3 986 51.1 50384.6 0 0 986 51.1

(w/m2) (KW) (Vrms)

PV Cell

Converter
I P V I

Fuel Cell DC Bus
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Fig. 1.16: Output Waveform of Vdc, Vab_inv Vab Load and 

Modulation Index for 1000 Insolation and 50KW Load 

8) Three Phase Inverter for 1000 Insolation and 50KW 

Load: 

 

Fig. 1.1 : Three Phase Inverter for 1000 Insolation and 

50KW load 

J. Output Results Table at Different Insolation and Load 

 

II. CONCLUSIONS 

In this paper, an ac-linked stand-alone wind/PV alterna-tive 

energy system is proposed. The system configuration and 

unit-sizing are discussed; the characteristics of the main 

compo-nents in the system, namely, PV, Fuelcell and 

electrolyzer are given; and the overall control and power 

management strat-egy for the proposed hybrid energy 

system is presented. The PV generation systems are the 

main power genera-tion devices, and the electrolyzer acts as 

a dump load using any excess power available to 

produceH2. The Super capacitor is the backup generation 

and supplies power to the system when there is power 

deficit.Performance of stand-alone hybrid wind-PV system 

with battery storage is studied. According to the battery-

bank voltage (udc), there are two modes of operation of the 

system. One mode when the battery-bank voltage is less 

than or equal to the maximum voltage limit, and the other 

mode when the battery-bank voltage exceeds the maximum 

voltage limit. In the first mode, the battery-bank voltage is 

below its maximum value, and thus the PV and wind 

subsystems are allowed to follow their maximum powers. In 

the second mode, the captured power is limited such that the 

battery bank voltage does not exceed its maximum value. 

Modeling and control of the system are demonstrated. Good 

performance of the system is verified by the results obtained 

for each mode of operation. Renewable energy sources also 

called non-conventional type of energy are continuously 

replenished by natural processes. Hybrid systems are the 

right solution for a clean energy production. Hybridizing 

solar and wind power sources provide a realistic form of 

power generation. 
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