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Abstract: This paper discusses the dynamic modeling and simulation of a small wind-photovoltaic-fuel cell-ultracapacitor hybrid
energy system. This hybrid system contains a wind turbine, a photovoltaic, a proton exchange membrane fuel cell (PEMFC), an ultra-
capacitor, an electrolyzer, controllers and a power converter that is simulated using MATLAB. This hybrid system is completely stand-
alone, reliable and has high efficiency. In order to minimize abrupt changes in voltage magnitude ultra-capacitors are used. Power
converters and inverters are used to produce an ac output power of 9KW to grid. Control scheme of fuel-cell flow controller and voltage
regulators are based on fuzzy and neuro fuzzy controllers. Dynamic responses of the system for a step change in the electrical load and
wind speed are represented. The observation for various input conditions shows that the system can withstand any abrupt variations.
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1.Introduction

There is a huge increase in the consumption of energy
especially in residential areas and it seems that it will increase
in the coming years [1]. Almost 30 percent of the energy
consumption is by both commercial and domestic sectors [2].
People are in search of alternative renewable energy sources
like solar, wind, fuel cells in order to meet their residential
needs.

Due to the depletion of energy from fossil fuels, the need for
energy in domestic area is very large. They cannot afford
their daily energy needs from these sources. Alternative
energy sources, like solar and wind, seems to be very clean,
inexhaustible and eco-friendly potential sources of renewable
energy choices [3]. The hybrid energy source contains more
number of renewable energy sources that can manage
themselves with maximum efficiency and a balance between
them. The hybrid system constitutes the combination of more
than two energy sources. In hybrid power systems we are
mainly focusing on maintaining an optimum quality of power
with limited amount of money, in turn an economic profit.
The production techniques and power storage capability of
hybrid systems is done through highly safe and secure means.

Another source of energy that can be used in the hybrid
system is Wind power, as it acts as the clean energy source
and can be installed in various areas where wind can be
captured by generators with high power handling capabilities.
Solar power is also a strongly clean energy resource as it has
less mechanical components like generators in it. We can say
that the solar power generation and wind power generation
can be combined and can act as complimentary sources in
some areas because usually heavy wind occurs in night time
and during day time the wind is very mild, so a combination
of both wind and solar can be effectively utilized to maintain
a continuous output power when comparing with its

individual operations. in the earlier days, the cost of solar
modules were very high but later due to the advancement in
the technology its price dropped down, so it became more
economical. The payback time also decreased; hence it
started using in various applications. In few years the overall
efficiency has increased about 20 to 30 percentage, so we can
say that photovoltaics can be used as a sustainable energy
source for the future. [6]

The concept of PEMFC or Proton Exchange Membrane Fuel
Cell has evolved from a novel idea to a real life
demonstration phase. Also small PEMFC modules are
available in commercial market which utilizes its scope in
hybrid system design.

The combination of wind solar and fuel cell in energy system
supplying to grid drastically reduces the cost of maintenance
and improves the reliability of renewable energy generation
to provide its load a continuous supply of power. Also by
using more than one source of power, disadvantages of one
system can be compensated by others. This Combination of
hybrid system suits well in rural areas where the available
grid system cannot meet its needs. In developing countries the
hybrid energy system will be more economical will be a
better source of energy generation. [8]

Since, hybrid energy systems are working under heavy
conditions of load, variation in input conditions like wind
speed, irradiance, availability of fuel etc. we need to design a
proper combination of these systems in order to achieve an
efficient self-standing system. For this purpose we need to
analyze the output parameters for vast and variant input
conditions [9]. From our analysis we concluded that the
combination of solar and wind can normally supply load to
the grid. In the absence of these systems or in conditions were
it produces less power we can maintain the output using fuel
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cell. The description below gives a clear idea of the system
configuration and basics of system design and modelling.

2.System Configuration

The system configuration of the proposed hybrid energy
model is a complete eco-friendly energy efficient system
wagere all the systems are properly stored and managed. [13]

Our proposed hybrid power system mainly consists of a solar
array, a wind turbine with generator, a PEMFC or proton
exchange membrane fuel cell, an ultra-capacitor and an
electrolyzer, it also includes a power converter and DC-AC
converter, a phase converters, and various controllers. The
wind generator module has a wind turbine, a gear driver and
PMSG generator. The fuel cell module includes an ultra-
capacitor module to store the excess power and thereby
supply to load if any shortage occurs. All these sources has its
own controllers to monitor and control its operation. [15]

When there is additional wind generation available, the
electrolyzer will produce hydrogen and then delivered to the
hydrogen storage unit the hydrogen storage tank has some
amount of hydrogen already stored in it. There are 60 single
fuel cells which are connected in series to form a fuel cell
steck. There are various controllers used to regulate the flow
of 02 and H2 efficiently to produce maximum power with the
available fuel. When the voltage drops below 45V the
controller allows more fuel to flow preventing voltage
variation. The ultra-capacitor is kept in parallel with the fuel
cell which reduces the abrupt voltage fluctuation and also it
stores excess power from the fuel cell. In the fuel cell block
there is a DC booster which converts the output into 100V
DC. The controller used for controlling the fuel cell is a
neuro-fuzzy controller which monitors the output of the fuel
cell and regulates the supply so as to obtain a uniform output
for the grid.

3.System Design and Modelling

To design a complete and efficient power system we need to
use various strategies and examine the performance under
dynamic load condition. This can be done using mat lab
Simulink software.

3.1 Photovoltaic

Photovoltaic effect is a simple process in which electrical
energy is produced from solar cells when beams of light fall
on the surface of this cell. This process mimics the
semiconductor PN junction diode. There are two types of
materials used to construct a solar cell mainly P-type and N-
type silicon. When a beam of light with a certain wavelength
falls on a solar cell it ionizes the silicon atoms and an electric
field is produced across the junction with positive charge on
one side and negative charge on other side. The movement of
these ions produces electricity in solar cell.

A potential difference is created at the junction due to these
charge carriers (electron-ion pair or electron hole pair) due to

this electric field charge carriers get accelerated and a current
is formed through the external circuit are shown in figure 1.
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Figure 1: Construction of Solar Cell

The holes move to the positive or P region and electrons
move to the negative or N region. Most charge carrier gets
recombined through the external circuit even though opposite
charges are attracted to each other. [5]

The working of a solar cell is similar to that of a
semiconductor diode. In a solar array when the irradiance get
higher the short circuit current (Ise) along with open circuit
voltage (Voc) becomes higher. So the output solar power will
be larger the behavior of solar cell mainly depends on
temperature. As temperature decreases greater the Voc and
output power.
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Figure 2: Behaviour of Solar Cell power at various
temperatures

The equivalent electrical representation of a solar cell can be
shown as a diode parallel to a current source. The current
which is generated by photons (Iph or I1) is represented as the
current source. Under constant temperature and light
incidence the output remains constant. [10] The series
resistance and shunt resistance in the equivalent circuit are
represented as Rs and Rsh. The contact resistance and the
semiconductor resistance are included in Rs.
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Figure 3: Electrical Equivalent of Solar Cell

In the above figure the photocurrent cell has a current source
of IL. The shunt and series resistance of solar cell are denoted
by Rs and Rsh usually Rsh is very high and Rs is too small
hence Rs can be neglected for the easier of analysis. The
overall current of the cell is given by the formulae:

|_D=1(e"q(V+IR_z )/KT)-1)

I=I_L-1_D-1_Sh
I=1_L-1(eNq(V+IR_z )/KT)-1)-(V+IR_s)/R_sh

Here (Is) is the saturation current of diode, q is the charge of
electron, V being the output voltage of the cell structure, the
diode ideality factor is represented by N, K is the Boltzmann
constant and T the temperature of cell.

The basic constructional block of a solar cell system is
photovoltaic cells. The amount of power which is produced
by a single photovoltaic cell will not be sufficient to turn on
small electric/ electronic devices. Each PV cell constitutes
0.5V to the system. To obtain higher voltage and higher
current the modules are stacked in series or parallel to design
panels. We use mat lab in built solar cell model to simulate
the solar array.

3.2 Wind System

The movement of air is called wind. Due to this movement it
has kinetic energy. The Kinetic energy of this wind is
converted to mechanical energy with help of a wind turbine.
The wind turbine has rotor blades in it these are designed
according to the speed of wind. The kinetic energy of wind is
captured by the rotor of the wind turbine which contains
multiple numbers of blades. The gear box converts the speed
of rotation of the wind (which is usually in few meters per
seconds) into higher rotational speeds. The generator side
produces electricity when the shaft of the generator is rotated
by the turbine. Using control and supervising techniques the
output is maintained properly. The overall system is protected
using the protection equipment which is also included in the
control system.

The wind system contains alternator DC to DC converter
various bridge rectifiers and also an inverter the power
generated by the PMSG is converted using a 3 phase bridge
rectifier. This converts AC voltage into DC voltage. The
output DC voltage is boosted up to higher levels of DC
voltage and again it is converted to AC using PWM inverters.
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Figure 4: Schematic diagram of Wind turbine

The permanent magnet synchronous generator (PMSG) in the
modal converts the wind power in mechanical forms into
electrical. When we are analyzing different wind power
generators we can see that PMSG has greatest advantages
over others. It is because they are more stable in its operation;
they are efficient especially in low speed, more secure. [2]

PWIND = 0.5ApV3

Here, p is the density of air, A is the area swept by the rotor
and v is the speed of the wind. Only a few of the available
wind is utilized for generation. A part of available energy in
this wind can be represented as the power coefficient Cp.
0.59 is the maximum value of theoretical coefficient also
known as Betz limit.

PTURBINE = 0.5CPAV3

The coefficient of power is a function of the tip-speed ratio A
of the blade,

A=rQ/V

Where r is the radius of the rotor and Q is indicate the speed
of angular rotor.

3.3 Fuel Cell

The electrochemical device which converts chemical energy
into electrical energy is called Fuel cells. Proton Exchange
membrane fuel-cell (PEMFC) has greater advantages when
compared with other fuel cells available in the market. They
have high scaling capabilities so that they can be used in
industries also. A Polymer Electrolyte Membrane Fuel Cell
fuel cell that uses a thin ion conducting solid electrolyte.
Since we are using solid membrane instead of liquid
membrane the overall power density is increased and
corrosion rate is reduced. These are also used in transport
industry sue to its low operating temperature, portability and
quick startup time. A solid electrolyte, the polymer electrolyte
membrane has its advantages over liquid electrolytes in that it
has a high power density and reduced corrosion [11]. The low
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temperature of these cells ensures a quick start up time and its
wide application range includes the transport industry.

4.System Modelling

The system model of this hybrid system consists of a wind,
fuel cell-ultra capacitor, solar array and a micro-grid to which
the power is given. The grid is designed in such a way that it
gives out a continuous output to the users [13]. Neuro-fuzzy
controller is used to optimize the inputs and provide a
constant output of 9KW to the grid. The block diagram of the
proposed system is given below.

J

KYRRIGD MODELLING OF WIND, SOLAR, FURL CELLAYSTEN

1 E . :‘ . ‘

Figure 5: Model of the Hybrid System
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4.1 Modelling of Solar power System

The hybrid power system discussed above consists of a 6KW
solar power system. The system has a series connection of 10
solar cells and a combination of 5 parallel sets each. The
temperature is kept as 500C.The irradiance is 850W/m2. So
the system will produce an output of 6KW.
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Figure 6: Simulink model of 6KW solar Power System

In the figure, we have represented the output characteristics
of solar array. The irradiance to the system is given as
850W/m2 so that we will get an input of 350V and a current
of 18A. So in effect, we will get an output of 6KW.

4.2 Modelling of Wind power System

The wind power generator consists of a wind turbine and
PMSG generator. The output of wing turbine is mechanical
torque, which is being attached to shaft of the generator. A
speed controlling gear drive system is used in between the
coupling of turbine and generator. The output of this system
is a three phase AC power with 6KW output.
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Figure 7: Matlab Model of wind system
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Figure 8: Internal block diagram of wind system
4.3 Modelling of Fuel-cell with Ultra Capacitor

The fuel cell designed is a45V DC PEMF fuel cell. Due to its
high advantages, we use this fuel cell for our system. It has 60
series cells connected in it producing a power of 6KW [4].
The ultra-capacitor is also attached along with it parallel so as
to obtain a stable output and also to store excess energy.

Figure 9: Modelling of Fuel-cell with Ultra capacitor
4.4 Modelling of Neuro-fuzzy controller
Since the three independent power generators are stand-alone

itself, in order to make it hybrid, we need to implement a
control strategy to control them [12]. Neuro fuzzy controller
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is the best method to model controller in matlab because of its
easiness to model and use. In this hybrid system, we use
neuro controller controllers are used to switch the sources
according to the power each delivers and the load demands. If
anyone system fails it will automatically switched to the other
two sources to meet the need. Thus various control strategies
are taken in account by the intelligent controllers.

A power of 9KW is always given to the grid. Solar and wind
power are added to give 9KW power to the grid and in any of
case these fails the balance power is taken from the fuel cell.
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Figure 10: Membership function of fuzzy controller

Figure 11: Input and output range of fuzzy controller
4.5 Modelling of Micro-Grid

Finally, after the modelling and simulation of the three power
systems, we will design the grid to which the power is to be
given [4]. The grid capacity is 9KW. Since most of the grids
works on three-phase, we need to use phase converters to
convert them. Using neuro fuzzy controller we can control the
flow of power to the grid. The excess amount of power is
stored in the fuel cell block using ultra capacitor. When there
is a shortage of power, it supplies it back to the grid.

5.Results

In the figure 12, we have represented the output
characteristics of solar array. The irradiance to the system is
given as 850W/m2 so that we will get an input of 350V and a
current of 18A. So in effect, we will get an output of 6KW.
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Figure 12: Output characteristics of Solar Power System

The output characteristics of wind turbine are given below.
The input to the wind turbine is wind (m/s). Usually it is
given as 12m/s, with a pitch angle of 00. So the turbine
rotates at a speed of 150rad/s. The line voltage and current
are respectively450V and 10A. Effectively it produces an
output of 5SKW.
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Figure 13: Characteristics of wind power System

The mechanical characteristics of wind turbine are given
below. Both the electrical and mechanical torque are given in
the graph below
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Figure 14: Mechanical Characteristics of wind turbine
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The graph shown below is the characteristics of fuel cell. The
output current of the fuel cell is 40A and voltage is 80V due
to the usage a DC booster in the model.
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Figure 15: Characteristics of Fuel-cell

Figure 16: Output voltage graph od hybrid system

From the above graph our hybrid system is able to produce a
constant power of 9KW for a given time period for various
conditions. The power of fuel cell is taken at time where the
wind and solar power fails to deliver the rated power. Thus
the system can deliver the power to the grid connected
throughout the time efficiently.

6.Conclusion

This paper represents the simulation of model used for
studying and analyzing the behavior of hybrid systems on
renewable energy. Due to the lack of availability and high
rate of pollution by the fossil fuels, the demand for hybrid
systems have been increased. Our model includes renewable
energy sources like wind, solar, fuel cell managed efficiently
by using a neuro fuzzy controller to connect the system into a
grid. Using neuro fuzzy as the controller, performance of the
system has been increased.
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