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ABSTRACT 
This paper proposes the performance analysis and regulation of hybrid standalone energy system. In this hybrid 

system consist of wind turbine, fuel cell, electrolyzer, battery and a set of loads. The system having two level 

structures. Here the top level is Energy management and power regulation system (EMPRS), and the low level is 

individual subsystem. The dynamic operating point is set by wind and load condition. By using this reference point 

the individual subsystem operates and the local controllers control the fuel cell, wind turbine, electrolyzer, and 

battery storage. This control structure is implemented in MATLAB Simpower software. 

Key word- Battery storage, electrolyzer, energy management and power regulation system, fuel cell, load 

management, stand-alone hybrid energy system, wind energy conversion system. 

I. INTRODUCTION: 

In the remote area, diesel generator is 

commonly used for power generation because 

grid connections are not often available and its 

installation cost is low and more reliability [1], 

[2]. The diesel generator causes more pollution 

to environment. 

The hybrid power generation combines with 

a different renewable energy sources and it is  

environment friendly. Renewable energy 

system has appropriate control and coordination 

strategies among various elements. It is reliable 

and cost effective [3]. 

There are different types of renewable energy 

sources such as solar, wind, biomass, 

geothermal, tidal, and fuel cell, e.t.c. In this 

hybrid stand-alone energy system consists of 

wind, fuel cell, electrolyzer, battery storage. 

The system that consisting of solar and wind 

are not more efficient. Due to solar (PV) pannel 

and it will be giving less efficiency. Here they 

have used three power management strategies 

but it is not more efficient [4]. For controlling 

the heavy wind condition and its reducing 

fluctuation of wind is seen [5]. 

In the grid connected wind generator, the 

control strategy used is pi controller they build 

up to provide some ancillary service to grid. 

Here the source following is more efficient than 

the grid following [6]. The ultra capacitor are 

not used due to high cost and also the cost of 

hydrogen is also too high [7]. 

The system that consists of converter, 

inverter unit and for stand-alone application and 

it has more losses [8]. The case study of the 
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Fig. 1. Structure of the proposed hybrid power generation system.

energy management of fuel cell and battery 

for hybrid tram way [9]. Recent studies on the 

hybrid power system focus on various issues 

such as cost optimization and size [10]. 

This paper proposes about improve 

regulation and performance of hybrid stand 

alone energy system. In this EMPRS is using for 

control and flexibility for various wind 

conditions and it prevents the system block out. 

Based on the dynamic operating point each 

subsystem is controlled. The fuel cell is 

controlled by the hydrogen flow regulator and 

the boost converter. The electrolyzer is 

controlled by the buck converter. And the battery 

is controlled by the Bi directional dc-dc 

converter. 

II SYSTEM COMPONENTS AND 
CONTROLLER MODELLING: 

A) Wind Energy Conversion System 

(WECS) Modeling: 

1) Wind Turbine Model for Optimum Energy 

Extraction: The aerodynamic rotor power from 

wind (Pw) can be expressed as [11] 

Pw=0.5AρCP (λ, β) v3; v0>v>VI     …..(1) 

Where ρ is the air density, A is the rotor 

swept area, V is the wind speed, V0 and Vi are 

the cut-in and cut-off wind speed, respectively, 

and CP is the power coefficient which is a 

function of the speed ratio λ and the pitch angle 

β. 

The speed ratio of the wind turbine can be 

defined as 

λ=ɷrR/V   …………… (2) 

Where ɷr is the rotor speed and R is the 

radius of rotor. 

From (1) and (2), for a particular wind speed, 

the output power is proportional to the rotor 

speed and can be expressed as 

PW = Kɷr3 …….. (3) 

Where K=0.5AρCP(R/ λ) 3 

From (3), optimum aerodynamic rotor power 

from the wind turbine can be extracted by 

controlling the rotor speed. For (ɷr) a particular 

wind speed, the optimum power is given as [11] 

 PWopt = Kopt ɷr3 …….. (4) 

Where K=0.5AρCPopt(R/ λopt) 3 

Demonstrates the power generated by a 

turbine as a function of the rotor speed for 

different wind speeds. The optimum power 

extraction from the wind refers to extracting the 

necessary power under varying wind speed 

conditions. As an example, for a particular wind 

speed (V6), the optimum power (PWopt) is 

generated by keeping the rotor speed equal to 

either ɷ1 or ɷ3. However, as ɷ3 is higher than 

the base rotor speed ɷ1, the control system has 

to choose the rotor speed. If the wind speed 

drops from V6 to V5, the control system sets the 

rotor speed to ɷ2 to extract the required power. 

2) IPM Synchronous Generator Model: The   

voltage equations of the IPM synchronous 

generator in the -and -axes are expressed as 

follows [12]: 

  Vd =idRs+Ld d/dt (id) - ɷLqiq        …… (5) 

  Vq=iqRs+Lq d/dt (iq) +ɷLdid+ɷφf …. (6) 

Improving the Grid Performance in Hybrid Renewable Energy System 
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Where Vd and Vq are the d- and q-axes 

components of the stator voltage, respectively; 

Rs is the stator resistance; id and iq are the d- 

and q- axes components of the stator current, 

respectively; ɷ is the frequency; and φf is the 

flux linkage. 

The torque equation of the IPM synchronous 

generator can be expressed as follows [12]: 

Tg = -3/2 Pn{φfiq+( Ld- Lq) idiq……. (7) 

Where Pn is the number of pole pairs, and Tg 

is the generated torque of the IPM synchronous 

generator. 

 
Fig:2 Machine side converter controller 

From (7), the q-axis stator current component 

for constant torque can be expressed as a 

function of the d-axis stator current component  

iq=  ……(8) 

The maximum efficiency of the IPM 

synchronous generator can be achieved by 

minimizing the copper and core losses. From 

Fig. 3, the copper (Pcu) and the core (Pcore) 

losses for the IPM synchronous generator can be 

determined as follows [13]: 

 

      Pcu = Rs(id
2
+iq

2
)        ………(9)  

      Pcore=    ….. (10)        

Where Rc is the core loss component. 

The output power from the generator can be 

given as 

Pout =PW- Pcu- Pcore 

      =Tg-Rs(id
2
+iq

2
)-   …(11)                                                           

The optimum value of id can be determined 

from the output power (Pout) versus the d-axis 

stator current (id) curve based on (5)–(11), as 

shown in Fig. 4. From Fig. 4, the optimum value 

of the d- axis current component is chosen such 

that the output power of the IPM synchronous 

generator is maximized. The corresponding 

value of id   can be obtained from (8). 

3) Machine Side Converter Controller Design:  

The machine side converter shown in Fig. 2 

consists of three PI controllers working on the 

principle based on (5)–(11). In the first stage, PI 

controller is used to regulate the speed by 

controlling the torque. In the second stage, two 

PI controllers are used to regulate the d- and q -

axes currents under specific torque or power 

conditions in order to minimize losses. 

B. Fuel Cell Model and Control 

The model used in the paper is based on the 

dynamic proton exchange membrane fuel cell 

model (PEMFC) discussed in [14] and [15]. 

This model is based on a relationship 

between the Nernst voltage and the average 

magnitude of the fuel cell stack voltage [14]. 

           VFC= N0E-Vloss ……. (12) 

Where VFC is the fuel cell voltage, N0 is the 

number of fuel cells connected in series, E is the 

Nernst voltage, and Vloss is the irreversible 

voltage losses. 

The Nernst voltage developed in the fuel cell 

is defined as follows [14]: 

          E=E0+E ln  ……… (13) 

Where E0 is the voltage associated with the 

reaction free energy, R is the universal gas 

constant, F is the Faraday’s constant, T is the 

fuel cell absolute temperature, PH2the partial 

pressure of hydrogen in the anode, PO2 and 

PH2oare the partial pressure of oxygen and 

water available in the cathode, respectively.PH2 

PO2, and PH2Ocan be expressed using the 

following differential equations [14]: 

PH2=- (PH2+ (MH2,FC-2KrIFC)) 

PH2O=- (PH2O+  KrIFC) 
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PO2= (PO2+ (MO2,FC-KrIFC)) 

………. (14) 

Where MH2,FC  and MO2,FC are the molar 

follow of hydrogen and oxygen, respectively; 

KH2,KH2O, and  KO2 are constants; Kr is a 

constant, which can be defined by the 

relationship between the rate of reactant 

hydrogen (qrH2) and IFC is the fuel cell current 

[14] 

      qrH2 =2 Kr IFC   …………. (15) 

The output voltage of a fuel cell at normal 

operating conditions is determined by the 

irreversible voltage loss (Vloss), which can be 

classified into three types: the activation voltage 

Loss (Vact) , ohmic voltage loss (Vohm) , and 

concentration voltage loss (Vconc) [12].  

The output power of a fuel cell is determined 

as follows: 

                   PFC=VFCIFC  ……… (16) 

In order to design a control strategy for the 

fuel cell, the hydrogen flow has to be regulated 

to achieve the output power based on (12)–(16). 

Moreover, as the fuel cell voltage varies 

according to the dynamic operating point, as 

shown, a controlled boost converter is used to 

interface the fuel cell with the dc link of the 

system. The fuel cell controller is shown in 

 Fig. 3. 

 
Fig:3 Fuel cell controller 

C. Electrolyzer Model and Control 

The electrolyzer consumes the electric 

power to produce hydrogen. The alkaline 

electrolyzer model is used in the application. 

The voltage drop across each electrolyzer cell is 

given by [16], [17] 

ucell=u0+IELZ(r1+r2TELZ)/AELZ+u1log((t1+t2/TE

LZ+t3/T
2
ELZ)/AELZ+1)     ……… (17) 

Where ucell is the voltage drop across the 

electrolyzer, u0 is the thermodynamic cell voltage, 

TELZ is the electrolyzer temperature, u1 and tis are 

parameters for the electrolyzer over voltage, ris are 

parameters of ohmic resistance, IELZ is the 

electrolyzer current, AELZ and is the area of electrode. 

The total voltage drop (UELZ) across the 

electrolyzer is defined as [16] 

UELZ=NELZ ucell ……. (18) 

 Where NELZ is the number of cells. 

The total power consumption of the 

electrolyzer is given as 

PELZ= UELZ IELZ ……. (19) 

The electrical characteristics of the 

electrolyzer depend on the voltage, current, and 

temperature. The nonlinear relationship of the 

electrolyzer cell voltage and current at a given 

temperature is shown. 

 
Fig:4 Electrolyzer controller 

The hydrogen production rate 

(MH2,pro) can be expressed as a function of 

applied current as follows [16], [18]: 

MH2,pro=Ƞ(T,J) IELZ ……(20) 

Where F is the Faraday’s constant, J is 

the current density, and Ƞ is a function of the 

current density and temperature. 

In normal operating conditions, the 

hydrogen outlet rate should be equal to the 

hydrogen production rate so that the pressure 

and stored hydrogen quantity in the cathode can 

be maintained as constant. Based on the ideal 

gas law, the resultant pressure of hydrogen can 

be written as [16], [18] 

pH2,ELZ= MH2,pro-MH2,ELZ …..(21) 
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Where ƟELZ is the cathode volume, 

pH2,ELZ is the partial pressure of hydrogen in 

the cathode, MH2,ELZ is the molar hydrogen 

out flow rate to hydrogen tank, and R is the ideal 

gas constant. 

In order to control the power flow in the 

electrolyzer, the input current has to be 

controlled. A buck converter is used to regulate 

the power flow in the electrolyzer by regulating 

the electrolyzer current based on (17)–(21) as 

shown in Fig.4. 

 

D. Compressor and Tank Model 

The relationship between the molar flow 

rate (MH2,ELZ) from the electrolyzer and the 

compressor power (Pcomp) is given as follows 

according to the polytrophic model [16], [18]: 

MH2,ELZ=  Pcomp 

Where  
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     w= [( ) -1] …… (22) 

Where αcomp is the compression 

efficiency, and w is the polytrophic work, k is 

the polytrophic coefficient, and ptank is the 

pressure of storage tank. 

Hydrogen storage (MH2,store) is the 

difference between the hydrogen produced by 

the electrolyzer(MH2,ELZ)  and the hydrogen 

used by the fuel cell (MH2,FC )as 

          MH2,store= MH2,ELZ - MH2,FC 

…….(23) 

The pressure of stored hydrogen (pH2) 

in the hydrogen tank can be derived as 

pH2=  MH2,store ……..(24) 

Where Ɵtank is the hydrogen storage 

tank volume, R is the ideal gas constant, and 

Ttank is the temperature of the tank. 

E. Battery Storage System Modeling and 
Control 

Among different battery technologies, 

Li–ion batteries represent a suitable option for 

fuel-cell-based hybrid energy storage systems 

due to their high energy density and efficiency, 

light weight, and good life cycle [19]. 

The generic Li–ion battery model is 

used [20]. The battery state of charge (SOC) is 

an indication of the energy reserve and is 

expressed as follows [20]: 

SOC=100(1- )% ……….(25) 

Where ib is the battery current, and Q is 

the battery capacity. 

The battery controller is a bidirectional 

dc–dc converter that stabilizes the dc link 

voltage during sudden wind and load changes. 

The controller is shown in Fig.5. 

 
Fig:5 Battery charger/discharger controller 

F. Output Voltage and Frequency Controller: 

In a standalone power system, various 

loads (linear, nonlinear, balance, and unbalanced 

three phase loads) can be connected. As a result, 

in the proposed system, we use a three phase 

four wire inverter with split capacitor as shown 

in Fig.6. 
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Fig:6 Load side inverter controller 

 The controller of the inverter compares 

the d-,q -, and 0-axes components of the output 

voltage with their reference values 

(Vd=1,Vq=0,V0=0). Based on the error signal, a 

set of PI controllers generates appropriate 

signals to the PWM signal generator. 

 

III SIMULATION RESULTS 

 

 The model for the proton 

exchange membrane (PEM) fuel cell was build 

in MATLAB/SIMULINK environment.   

Experimental setup 

The model of 45Vdc, 6kW PEM Fuel 

Cell Stack connected to a 100Vdc DC/DC 

converter. The converter is loaded by an RL 

element of 6kW. The flow rate regulator is 

bypassed and the rate of fuel is increased to the 

maximum value of 85 lpm in order to observe 

the variation in the stack voltage. That will 

affect the stack efficiency, the fuel consumption 

and the air consumption. 

Fuel cell voltage, current, DC/DC 

converter voltage and DC/DC converter current 

signals are available on the Scope2. Fuel flow 

rate, Hydrogen and oxygen utilization, fuel and 

air consumption, and efficiency are available on 

the Scope1. 

 
Fig:7 Simulation circuit  

The controller of the above simulation 

circuit is shown below:  

 
Fig:8 Machine side controller circuit 

 
Fig: 9 Battery controller circuit 

 
Fig: 10 Electrolyzer controller circuit 
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Fig: 11 Electrolyzer controller circuit 

 
Fig: 12 load side controller circuit 

IV SIMULATION RESULT: 

The overall output wave form of the above circuit is 

given below: 

 
Fig: 13 wind output of first stage 

 
Fig: 14 voltage & current output of wind 

From this above figure has the voltage 

and current. In that, according to the wind speed 

there will be a change in voltage and current. 

The current and voltage will be constant from 

Zero to one (1) second then there will be a 

fluctuation in the wind so there will be a change 

in the voltage and current. And there is a small 

fluctuation in voltage and current for a particular 

period of time in this for 1.5 second. After that 

1.5 second it will go back to its original position 

and remain constant continuously until there is 

no fluctuation. 

  Fig 15 Real and Reactive power output of 

wind 

 From this above figure has the 

real and reactive power. In that, according to the 

wind speed there will be a change in real and 

reactive power. The real power will be constant 

from Zero to one (1) second then there will be a 

fluctuation in the wind so there will be a change 

in the real power. And there is a small 

fluctuation in real power for a particular period 

of time in this for 1.5 second. After that 1.5 

second it will go back to its original position and 

remain constant continuously until there is no 

fluctuation. In the reactive power there will be 

approximately equal to Zero at every time or 
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some fluctuation up to 0.5 and then it will be 

come back to zero.   

 
Fig16 output of battery (voltage, current 

&power) 

The above figure consists of voltage, 

current, state of charge. In this voltage wave 

form show that the voltage will be constantly 

increasing from zero up to the maximum range 

of the circuit. And the current wave form show 

that the current will be constantly increasing 

from zero up to the maximum range of the 

circuit. And the state of charge has the fixed 

amount of charge and the after a particular 

period of time it or the graph shows that the 

wave form will be continuously decreasing then, 

it shows that the battery discharges until the will 

be a increased amount of power production in 

the wind. 

 
Fig: 17 output of Electrolyzer (voltage, 

current& power) 

The above figure consists of voltage, 

current, and power.  In this voltage wave form 

show that the voltage will be constant for a particular 

period of time and then after 1.1 second the voltage 

will be decreasing and become constant in the circuit. 

In this Current wave form show that the Current 

will be constant for a particular period of time 

and then after 1.1 second the Current will be 

decreasing and become constant in the circuit. In 

this power wave form show that the power will 

be constant for a particular period of time and 

then after 1.1 second the power will be 

decreasing and become zero in the circuit. 

 
Fig: 18 output of Fuel cell ( voltage, current 

&power) 

 The above figure 

consists of voltage, current, and power.  In this 

voltage wave form show that the voltage will be 

constant for a particular period of time and then 

after 0.2 second the voltage will be decreasing 

and become constant voltage in 1.6 second in the 

circuit and it will be maintained. In this Current 

wave form show that the Current will be 

constantly increasing from zero  for a particular 

period of time and then after that period the 

Current will be maintained constant in the 

circuit. In this power wave form show that the 

power will be constantly increasing  for a 

particular period of time and then after that 

period the power will be maintained constant in 

that circuit. 
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Fig: 19 output of load side inverter (voltage, 

current) 

The above figure consists of voltage, and 

current. In this voltage wave form show that the 

voltage will be constant circuit. Because here the 

fuzzy controller is used to maintain the constant level 

in the circuit if there is any distortion in the air. In 

this Current wave form show that the Current will be 

constant in the circuit. Because here the fuzzy 

controller is used to maintain the constant level in the 

circuit if there is any distortion in the air. 

 

  Fig: 20 output of load side inverter (Real and Reactive power) 

J.Muthuparaveen and G.Ramakrishnaprabu 

The above figure consists of Real power and 

reactive power. In this real power wave form 

shows that it will be increasing from zero to 0.06 

second and maintained constant throughout the 

circuit, because by using the fuzzy controller in 

the circuit. In this reactive wave form shows that 

it will be increasing from zero to 0.06 second 

and maintained constant throughout the circuit, 

because by using the fuzzy controller in the 

circuit. 

V CONCLUSION: 

The performance analysis and regulation of a 

hybrid stand alone renewable energy system. 

From the simulation studies, the fuel cell gives 

the maximum power during the no/low wind 

condition. Here the fuel cell used is proton 

exchange membrane (PEM). The overall 

coordination is developed by EMPRS. The 

advantage of EMPRS is to avoid/prevent the 

system block out at the inadequate energy 

reserve. 
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