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Abstract
This paper examines the possibility of hybrid plants with a variable consumption in necessary conditions. The use of an 
adaptive controller includes fuzzy controller with increasing the high-reliability of system as an appropriate option. In his 
study inputs are voltage conditions and power; output variables include the operation of fuel cell and renewable ener-
gies. In this investigation, the objective function is the possibility and the ability of working in low and full load conditions 
along with the changes in renewable energies conditions. These controllers help to use a controller for hybrid systems. 
Consequently, communication of this situation by a central controller would be possible. Changes in wind speed and also 
the inherent changes in photovoltaic system are created during the simulation process. The system should be able to 
comply with the existing abnormal terms in addition to providing the electricity to the load. In a way that it can provide 
the required power through the commands which are transmitted from system controllers to AC and DC subsystems and 
eventually the system reach to a stable condition in a short period of time. In this case it is so important that the essential 
parameters of the network remain stable. This stability will be illustrated through the stabilization of the line voltage in 
1 p.u and also restoring the frequency to its pervious condition. The active power control and voltage controller transmit 
the commands to the other controlling part which is an interface between two AC and DC systems in order to control the 
network values. A PID controller was used for controlling parameters in active power regulator. These parameters are 
designed with fuzzy logic algorithm.
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1.  Introduction
Today, renewable energies are known as suitable sources 
for a green energy economy. These sources can include 
wind turbines, PhotoVoltaic systems (PV), and fuel cells. 
When these types of energy  are used individually, they 
have some restrictions. The energy produced by wind tur-
bines and PV systems depends significantly  on climate. 
The restriction on wind turbines is wind speed and in 
the PV systems is sunlight. In addition, saving the energy 
produced by a wind turbine and a PV system is a difficult 

task. Solving the problems of renewable energies requires 
integrating them into a network and using them  in a 
hybrid form. This will lead to compensating the restric-
tions of each module by other modules. In this way, their 
use will increase system reliability and efficiency. In this 
type of system, consideration of uncertainty in power sup-
ply during changes in energy resources is very important. 
Overall, hybrid systems are the combination of  renew-
able energy systems and energy storage systems. Besides, 
using them  in a small scale in distribution networks is 
on the rise. In addition to the PV system and the wind 
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turbine, Proton Exchange Membrane (PEM) fuel cells are 
also a good option to produce energy by using electrolysis 
of water. PEM fuel cell is a suitable option, for using in 
high density and operating temperature in comparison to 
other types of fuel cells in such networks. Saving energy 
in an emergency or injecting it into the desired network 
is one of the other important features of hybrid systems; 
therefore, battery  is one of the essential  factors  in such 
systems. Furthermore, super capacitors are also used in 
some systems. Readers can learn more in this field  by 
looking up references1–5.

2.  System Description
In a general survey, the system consists of distributed 
generation sources including wind turbine, battery for 
energy storage, PV system, fuel cell, electrolyser with lin-
ear load, and synchronous machine coupled with a Diesel 
Generator (DG). This system has two parts: the three- 
phase system (AC) and DC system. These two parts are 
exchanging energy with each other through a central con-
troller that controls the active power. Both these parts are 
connected to power system. After running, the stability 
between the AC and DC parts is a very important issue. 
Consequently, the aims of this system are to establish an 
appropriate change of power between load and perma-
nent resources and also possibility of different distributed 
resources together. Three important variables in the study 
of the stability of this system are as follows: 1- Stability 
of voltage in three-phase system. 2- Stability of voltage in 
DC link. 3- Stability of frequency in three-phase system. 
The system consists of three parts; in order to control the 
system, the first part is a governor that is coupled with a 
diesel engine to control the frequency. The Second part is 

a voltage controller to control the system voltage. The last 
part, Active Power Regulator (APR) system, is a PID sys-
tem that has been designed with a fuzzy logic algorithm. 
The first and the second parts are the ordinary controllers 
in most of island systems. In fact, they are integral parts in 
such systems. Both of them are coupled with synchronous 
machine and governor by producing both mechanical and 
electrical power to help the control of frequency and volt-
age in the system. The last part represents the connection 
between AC and DC parts. APR that always considers 
rising and falling of electrical and mechanical powers is 
compared to reference values. PID controller is for reduc-
ing these variations. In fact, two factors cause changes in 
the amount of energy sources; the first is local variations 
(like changing in wind speed and main load) and the sec-
ond is initial working in the system (like starting after 
fault occurrence in the system). The single line diagram 
of the system is shown in Figure 1. In this study, there are 
two changes. The first is the change in wind speed at the 
10th second and the second is load shedding at the 15th 
second.

3.  PV Model
A single PV cell is composed of series resistance, internal 
parallel resistance, parallel diode, and photo-generated 
current source. The PV system characteristics are accord-
ing to the following equations6:

	 I I I e
R I V
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where, Is is the output current, Io is the reverse saturation 
current, Isc is the generated current under a given inten-
sity, Vs is output voltage of the PV cell, A is the ideality 

Figure 1.  The single line diagram of system.
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factor for a p-n junction, K is the Boltzmann’s constant,  
q is the charge of an electron, T is the temperature rise, 
Rs is internal series resistance, and Rsh is are parallel resis-
tance. Equivalent circuit of single PV system is shown in 
Figure 2.

The Io varies with temperature and can be expressed 
as the following6,3:

	 I C T eD

eE
AKT

G
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−
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where, Etp is the intensity in mW/cm2, CD is the diffusion 
capacitance, and EG is the band-gap energy of the semi-
conductor used in the panel. The simulation diagram of 
the PV system is shown in Figure 3.

4.  Wind Turbine Model
According to the laws of aerodynamics, output power in 
wind turbine can be expressed as the following6:

	 P C v Rt p= 1
2

3 2rpl l b( , ) � (4)

	 l w= R
v

m � (5)

where, ρ is the air density, CP is the wind power utilization 
coefficient, R is the radius of wind turbine blades, and v 

is the wind speed. The tip-speed ratio of wind turbine is 
written by Khan and IQbal7:

The change in the rotor speed Wm steadies the value of 
Cp at the maximum to produce available optimum power. 
These changes are proportional to changes in wind speed 
V. The value of  Xm maximum output power at various 
speeds for a wind turbine is considered. For example, for 
a typical wind turbine, the obtained data is used to relate 
the maximum output power Pmax to xm using a polynomial 
curve fit, as shown below8:

     P wm m mmax . . . .= − + −0 0005 0 00125 0 7 74 63 2w w w � (6)

wm is the rotor mechanical speed. The simulation diagram 
of the wind turbine is shown in Figure 4.

5.  Fuel Cell Model
In this paper, a PEM fuel cell stack is designed. A polymer 
membrane is used as the electrolyte in fuel cell; and air is 
used as an oxidant. The pressure of cell is atmospheric and 
the temperature is 70°C8. Characteristics of the fuel cell 
are shown in Figure 5.

For having an economical fuel, placing it in the areas 
that have low efficiency should be avoided. The hydro-
gen consumption of the fuel cell can be expressed as the  
following2:

	 M
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P

dtH
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Figure 2.  Equivalent circuit of single PV cell6.

 Figure 3.  The simulation diagram of PV system model.

Figure 4.  The simulation diagram of wind turbine model.
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where, ηfc is the efficiency of the fuel cell, Elow,H2 is the lower 
heating value of hydrogen, MH2 is the hydrogen mass, and 
Pfc is the output power of fuel cell. The simulation diagram 
of the fuel cell is shown in Figure 6.

6.  Electrolyser Model
With passing of the electric current between two elec-
trodes, the water can be analyzed  into its constituent 
elements. The electrochemical reaction of water electroly-
sis is as the following9:

	 H O electricalenergy H g O g2 2 2
1
2

+ ⇒ +( ) ( ) � (8)

According to Faraday’s law, the value of pro-
ducing  hydrogen in electrolyser directly depends 
on electrical current electrolyser circuit as it is shown in 
the following12:

	 h h
H

F c en i
F2 2

= � (9)

where, ηF is faraday efficiency, F is faraday constant, nc  
is the number of electrolyser cells in series, nH2 is pro-
duced hydrogen moles per second, and ie is electrolyser 
current. The maximum value of hydrogen produced in 
electrolyser is introduced as a practical mode for Faraday 
efficiency. Assuming that the operating temperature  of 
electrolyser is 40°C, the Faraday efficiency is expressed as 
the following4:

	 hF
i ie e e= −96 5 0 9 75 5 2

. ( . / . / ) � (10)

According to the equations (9) and (10), a simple elec-
trolyser model is developed by using Simulink, which is 
illustrated in Figure 7.

7.  Hydrogen Storage Tank Model
Electrolyser provides the required hydrogen for the fuel 
cell. This process is provided according to the relation 
between the value of required hydrogen and  the output 
power of the fuel cell system. The  difference between 

Figure 7.  The simulation diagram of the electrolyser model.

Figure 6.  The simulation diagram of fuel cell model.

Figure 5.  Characteristics of the Fuel cell.
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the produced and consumed value moves directly towards 
hydrogen storage tank. Hydrogen storage tank model 
directly calculates the pressure of tank by using the pres-
sure on hydrogen tank. Dynamics of such a system can be 
written as the following12,13:

	 P - P = Z
N RT
Mb bi

H b

H V

2

2 b
� (11)

where, NH2 is hydrogen moles per second delivered to the 
storage tank, Vb is volume of the tank, Pbi is initial pres-
sure of the storage tank, MH2 is molar mass of hydrogen, 
Pb is the pressure of tank, R is universal gas constant, Tb is 
operating temperature, and Z is compressibility factor as 
a function of pressure. The Simulink version of the hydro-
gen storage model is depicted in Figure 8.

8.  Battery Model
In this study the internal resistance model is used. In 
comparison with the super capacitor, the  battery has 
the features of high energy density and relatively low 
power density (the power density of battery is still 3–5 
times higher than a fuel cell)9. The type of battery used 
in this study is Nickel-Cadmium. The major reason to 
limit charging and discharging is Rb

2. Rb is the internal 

resistance in battery. The battery model with an internal 
resistor and a voltage source is shown in Figure 9. 

The State of Charge (SOC) is an important part in 
the battery in which the open circuit voltage and resis-
tance are the nonlinear functions. These relationships 
are implemented as look-up tables with test data. The 
terminal voltage of battery pack can be expressed as the 
following2:

	 V n V R Ib b oc b b= −( ) � (12)
where, Vb is terminal voltage of battery pack, nb is the 
number of battery cells, Voc is the open circuit voltage, Rb is 
the internal resistance, and Ib is the current flow out of the 
battery. If the battery pack is assumed to discharge some 
power Pb, then Ib can be calculated as shown below 4:

	 I
V V R P n

Rb
oc oc b b b

b

=
− −2 4

2
( / ) � (13)

where, Pb is the battery power. The Simulink model of the 
battery system is shown in Figure 10.

9. AC/DC and DC/AC Model (CCI)
In simulation model of this paper, after receiving the 
reference signal from APR unit, it is appropriate to switch 

Figure 8.  The Simulink model of the hydrogen storage tank.

Figure 9.  Internal resistance in battery model2. Figure 10.  The Simulink model of the battery system.
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in order to receive the needed current from the DC part, 
or injection of the current applied to this part to complete 
the process in Current Control Inverter (CCI) part. In this 
section, after receiving power, voltage, and current sig-
nals, current values are transferred from abc reference to  
dq reference. Then, the desired value is compared with 
the reference value and error value; and after passing 
through a PI controller, it is transferred back to the abc 
reference frame. Reference voltage values are transferred 
to the PWM unit and pulses are produced. These pulses 
are transferred to a diode bridge and then switching is 
done from AC/DC or DC/AC.  The power flows through 
the DC/DC converter and DC/AC inverter5:

	 P
P

Pfc
dc DC

DC= 1
h ( )

� (15)

	 P Ptot
ac

m= 1
h � (16)

where, ηdc (PDC) is the efficiency of the DC/DC converter, 
ηac is the efficiency of the DC/AC inverter, Ptot is the total 
power that the DC bus delivers, and Pm is the power of the 
AC motor.

10.  Synchronous Machine
Diesel engine as a mechanical power generator with volt-
age control part as electrical power generator is coupled 
with a synchronous machine. Values of the reference fre-
quency and reference voltage with a value of 1 p.u have 
been applied to the controller. The task of controller 
receives voltage signal, output RPM from synchronous 
machine, applying voltage by voltage control, mechanical 
force by the governor can control signals to synchronous 
machine and proportional power receives appropriate 
values.

11. Active Power Regulator (APR)
This part is designed by receiving the signal control from 
the governor and voltage control that is connected to the 
synchronous machine. These signals are compared with 
high bound related to the maximum convertible power to 
the AC system or additional Power in AC system. These 
values are transferred to switch the part (CCI). This con-
troller acts as fuzzy PID. Fuzzy, the integral part is used to 
control power part; and fuzzy derivative is used to control 

the frequency part. PID controller is designed with fuzzy 
logic.

12.  Fuzzy Logic
Fuzzy variables of controller include M, ML, and L. Based 
on the relative relations, the frequency and power errors 
have been collected in three functions. These three func-
tions are negative, zero, and positive. Outputs have three 
levels: low, medium, and high. The control rule table is 
given in Table 1.

In Matlab/Simulink, fuzzy variables, domain and 
fuzzy control rule are written in Fuzzy Logic Toolbox.

13.  Results and Discussion
The power between sources is designed by CCI, APR, and 
voltage controller. CCI is a device like switch, thereby, 
power between the AC and DC part is moving. The main 
aim of this study is to supply loads and stability of volt-
age and frequency in a system. The base value is assumed  
1 p.u. Voltage has to be kept at 1p.u after appearance of 
variations. To observe the dynamic behavior of the system, 
wind profile is shown in Figure 11. The shown dynamic 
model is nonlinear in 20 seconds. As seen in this figure, 
the wind speed decreases in the 10th second. Reduction 
of wind speed to 7 m/s is affecting generated power by a 
synchronous generator in wind turbine.

The next change will happen in 15 seconds. In this 
time the load of 125 kW is removed from the circuit. 
Although, by reducing power in a synchronous genera-
tor (wind turbine) the power is reduced, APR, governor, 
and voltage control in AC side adjust the power in sys-
tem by CCI part. In this case, obviously the system will 
be unbalanced. Power conditions will change in the fuel 
cell, battery, and PV system. If we don’t have fuel cell and 
PV system for supplying the system, DG has to supply 

Table 1.  Fuzzy control rule

E-EC NEG ZERO POS
NEG M-M-L M-ML-L ML-ML-ML
ZERO L-L-ML L-L-L ML-ML-L
POS ML-ML-ML M-ML-M ML-M-M

where E, error levels (the horizontal axis), is frequency error 
and EC (the vertical axis) is voltage error. The concept of  
M is high, ML is medium, and L is low. Values for the output 
from left to right are for Kp, Ki, and Kd in PID system14.
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the loads. This means spending more fuel and cost. In 
spite of fuel cell, by PV system and battery and adapting 
them together these problems can be reduced. The gov-
ernor injects mechanical power to the system to control 
frequency and voltage for constant excitation and line 
voltage by injecting electrical power. The necessary sig-
nals are received by the APR from the governor and the 
voltage control part; then, these signals are sent to CCI 
part to inject the power from/to DC part. Also, APR can 
control power between the diesel genarator and the wind 
turbine (AC parts).Controling frequency is shown in 
Figure 12.

As it can be seen in Figure 12, the mechanical power is 
in steady state in 10 seconds. After changing wind speed, 
mechanical power (frequency) of system becomes unbal-
anced. 10 seconds later, system will return to the normal 
condition. Voltage control also does the same thing to 

improve the voltage. The voltage control is shown in 
Figure 13.  Changes in the 15th second with removing load 
(125 KW) can also be seen.

After receiving a signal from the control units, appro-
priate switching between AC and DC part (CCI) must be 
performed. Total load demand is shown in Figure 14.

The CCI orders the flow of injection from the DC 
side or conversely, after receiving the required signals. 
According to the carried out orders, the value of trans-
ferred power during 20 seconds is simulated and also 
shown in Figures 15 and 16, with considering the varia-
tion of wind velocity in the battery system and PV. If the 
power demand is greater than the power available from 
the wind turbine, the fuel cell and PV system will satisfy 
the needed excess of power.

As it is shown in Figure 16, in the 10th second the 
reduction of production occurs in the wind turbine and 

Figure 11.  Wind profile used for system simulation.

Figure 12.  Mechanical power injected by APR.

Figure 13.  Excitation voltage in synchronous machine.

Figure 14.  Total load demand of the user.

Figure 15.  Battery system power during the simulation.

Figure 16.  PV system power during the simulation.
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the 15th second‘s load is removed from the system and 
the share of PV system and the supplied load demand is 
about 2.6 × 104 w. PV systems like wind turbines are highly 
dependent on natural elements. The amount of sunlight 
during the day has a considerable impact on them. In 
addition, increasing or decreasing of loads affects system 
performance. Excess of energy is stored in the battery. The 
amount of solar radiation is shown in Figure 17. 

Hereby considering the battery being discharged and 
also the fuel cell producing energy, the value of produc-
tion varies to reach 3.3 × 104 w in about 20 seconds. The 
state of charge in the battery, discussed in the previous 
section, is shown in Figure 18 and the current of the bat-
tery is shown in Figure 19.

The battery serves as a short-time power source to fulfill 
more power that cannot be satisfied by the fuel cell system. 
Fuel cell is one of the other sources of energy production, 
and fuel is produced by electrolyser in the hydrogen stor-
age tank to supply its fuel. The amount of fuel and stack 
consumption are shown in Figures 20, 21, and 22.

Fuel Cell injects current to DC bus during the simula-
tion. DC bus voltage is shown in Figure 23. The value of 
hydrogen moles is consumed by the fuel cell that is propor-
tional to the power drawn from the fuel cell system. The 
value of hydrogen, stored in the storage tank, corresponds 
to the difference between the hydrogen produced by the 
electrolyser and the hydrogen consumed by the fuel cell 
system. The value of the produced power by synchronous 

Figure 18.  State of charge in battery during the 
simulation.

Figure 19.  Battery current during the simulation.

Figure 17.  The value of solar radiation in PV system 
(signal builder).

Figure 20.  Fuel flow rate in fuel cell.

Figure 21.  Stack consumption (Air) in fuel cell.

Figure 22.  Stack consumption (fuel) in fuel cell.
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machine and also wind turbine in accordance with 
variations is shown in Figures 24 and 25. The line volt-
age should be kept around 1 p.u due to the changes. The 
stability of line voltage is shown in Figure 26.

As it is shown in Figure 26, the system voltage stability 
is well preserved. The line voltage has been studied using 
the classical method as shown in Figure 27. In this method 
the fuzzy logic is removed from the system and there is 
only the PID. Comparing the simulation using fuzzy logic 
method and classical method it can be observed that the 
fuzzy logic method brings the line voltage to its stability 
margin (1p.u) in a shorter time. In this case the reliability 
of the system is improved.

The inverter controls three-phase AC output voltage 
with a frequency of 60 Hz and DC output voltage. When 
both the wind turbine and the PV system are unable to 
supply the load demand, the stored hydrogen is supplied 
to the fuel cell. The use of power generated by the PV and 
wind turbine systems have priority in satisfying power 
demand over the one that is provided by the fuel cell sys-
tem. If the total power, generated by the PV and wind 
turbine systems, is higher than the demand, the additional 
power will be used to charge the battery. The remaining 
power is used for the electrolyser through a power con-
verter to generate hydrogen; also, the additional power 
generated by the wind turbine and PV system can be 

Figure 23.  DC Bus Voltage.

Figure 25.  Wind turbine power during the simulation.

Figure 24.  Synchronous machine power during the 
simulation.

Figure 28.  Exchanged power between AC and DC system.

Figure 27.  Line voltage in system with classical model.

Figure 26.  Line voltage in system with fuzzy logic model.
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transferred to the electrolyser. If the total electric power 
generated by the PV and wind turbine systems is less than 
the demand, power will be supplied from the fuel cell sys-
tem. Amount of power that is exchanged between AC and 
DC parts according to APR comments and CCI in 20 sec-
onds is shown in Figure 28.

14.  Conclusion
In this paper, the dynamic behavior of the hybrid system 
and the diesel generator with linear load are tested under 
wind speed variations. The controller has been designed 
to exchange the power between two parts. This system 
has a voltage and frequency controller to control power 
between AC and DC parts. According to the wind speed 
and load variations, a PID controller with fuzzy logic 
is designed. Switching command between AC and DC 
parts is carried out with CCI. Controller system has to 
be able to keep values in the base rate. It depends on 
other renewable energies too. The main aim of this work 
is the hybridization of the renewable energy sources with 
fuel cell and battery system by suitable power control-
lers. The system and its control strategy present a great 
performance under variable wind speed and load power 
necessity. Applying fuzzy logic to design a PID control-
ler can provide uncertainty in the load forecast.
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