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Abstract : This paper presents a novel adaptive scheme for 

energy management in stand-alone hybrid power systems. The 

proposed management system is designed to manage the power 

flow between the hybrid power system and energy storage 

elements in order to satisfy the load requirements based on 

artificial neural network (ANN) and fuzzy logic controllers. 

The neural network controller is employed to achieve the 

maximum power point (MPP) for different types of 

photovoltaic (PV) panels, based on Levenberg Marquardt 

learning algorithm. The statistical analysis of the results 

indicates that the R2 value for the testing set was 0.99.The 

advance fuzzy logic controller is developed to distribute the 

power among the hybrid system and to manage the charge and 

discharge current flow for performance optimization. The 

developed management system performance was assessed 

using a hybrid system comprises PV panels, wind turbine, 

battery storage, and proton exchange membrane fuel cell 

(PEMFC). To improve the generating performance of the 

PEMFC and prolong its life, stack temperature is controlled 

by a fuzzy logic controller. Moreover, perturb and observe 

(P&O) algorithm with two different controller techniques the 

linear PI and the nonlinear passivity based controller (PBC)   

are provided for a comparison with the proposed MPPT 

controller system. The comparison revealed the robustness of 

the proposed PV control system for solar irradiance and load 

resistance changes. Real time measured parameters and 

practical load profiles are used as inputs for the developed 

management system. The proposed model and its control 

strategy offer a proper tool for optimizing the hybrid power 

system performance, such as the one used in smart house 

applications. The research work also led to a new approach in 

monitoring PV power stations. The monitoring system enables 

system degradation early detection by calculating the residual 

difference between the model predicted and the actual 

measured power parameters. Measurements were taken over 

21 month’s periods; using hourly average irradiance and cell 

temperature. Good agreement was achieved between the 

theoretical simulation and the real time measurement taken 

the online grid connected solar power plant. 

 

INTRODUCTION 

 

Therefore, a solar-wind hybrid power system model will be 

presented [1-3]. The system will consist of  

a) PV panels, to convert the sunlight into direct current,  

b) wind turbine, to convert the kinetic energy from the wind 

into mechanical energy, 

c)  DC generator, to convert the mechanical energy from the 

turbine into electrical energy,  

 

d) MPPT, to operate the PV at the maximum power point 

(MPP), 

e)  fuel cells, which performs as a backup power source,  

f) battery bank, to supply energy to the system when is needed 

and store it when is not needed, 

g)  DC/DC converters, to steps-up the voltage to a higher DC 

voltage,  

h) DC/AC inverters, to generate AC waveform from the DC 

signal, (i) main controller, to ensure the continuous power 

supply for the load demand. A schematic diagram of a basic 

hybrid system is shown in Figure 1. 

 

I. Hybrid Power System: Modeling & Simulation 

 

In power applications and system design, modeling and 

simulation are essential to optimize control and enhance system 

operations. The dynamic simulation model is described for a 

hybrid power system comprises PV panels, wind turbine, fuel 

cells, battery bank, converters and controllers. 

 

 
Fig.1- Block diagram of a hybrid power generation system 

 

The main controllerwill have developed to ensure the 

continuous power supply for the load demand [4-5].The 

following subsections present the implementation of the 

PV/wind turbine/ PEMFC/Li-Ion battery system model [6]. 

Modeling and simulation are implemented using MATLAB/ 

Simulink and SimPowerSystem software packages. The block 

diagram of the developed hybrid power system is shown in 

Figure 2. 
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Fig. 2 - Block diagram of the developed hybrid power system 

 

A. The photovoltaic model 
A model of PV panel with moderate complexity which includes 

the series resistance, the saturation current of the diode, and the 

temperature independence of the photocurrent source is 

considered based on the Shockley diode equation. The PV 

model is built and implemented using Simulink to verify the 

nonlinear I–V and P–V output characteristics [7]. Each function 

uses a notation with a meaningful lettering to make it readable 

and maintainable; e.g. reverse saturation current function stands 

for the implementation of Equation (1). 

    
   

   (
    

     
)  

  (1) 

Where Ioαis the cell’s reverse saturation current at a solar 

radiation and reference temperature; vocis the cells open circuit 

voltage. The cell ideal factor (F) is dependent on the cell 

technology.The inputs for the proposed PV model are solar 

irradiation, cell temperature and PV manufacturing data sheet 

information. In this chapter, ADT 12AS PV module is taken as 

an example. The proposed PV model was simulated using 

MATLAB/Simulink, [8] as shown in Figure 3. 

 

 
Fig.3 - Implementation of the PV model 

B. The wind turbine model 

The amount of power that a wind turbine can extract from the 

wind depends on the turbine design. Factors such as the wind 

speed and the rotor diameter affect the amount of power that a 

turbine can extract from the wind. The wind turbine was 

modelled using the mathematical equations [2]. 

   
 

 
    

     (2) 

Where ρ is the air density in (kg/m3), AS is the swept area of 

blades (m²), v is the wind speed (m/s). As illustrated, there are 

three inputs and one output. The three inputs are the generator 

speed, the pitch angle, and the wind speed. The output is the 

torque applied to the generator shaft.The built-in 

SimPowerSystem block model of a DC machine is used as a 

power generator driven by the wind turbine (MathWorks 2012). 

As shown in Figure 6, the rotor shaft is driven by the wind 

turbine which produces the mechanical torque according to the 

generator and wind speed values [10].  

 

 
 

Fig. 6 – Implementation of the wind turbine DC generator 

model 

A Proportional Integral (PI) controller is used to control the 

blade pitch angle in order to limit the electric output power to 

the nominal mechanical power [11]. 

 

C. The Li-Ion battery model 
The model of the Li-Ion battery is implemented in 

MATLAB/Simulink based on the mathematical  

          
 

    
       

 

       
              

Where EO is the battery constant voltage (V), K is the 

polarization constant (Ah-1), Q is the maximum battery capacity 

(Ah), it (∫ idt) is the actual battery charge (Ah), R is the internal 

resistance (Ω), i is the battery current (A), i* is the low 

frequency current dynamics (A), A is the exponential zone 

amplitude (voltage drop during the exponential zone) (V), and B 

is the exponential zone time constant inverse (Ah) −1. It is 

implemented using several standard Simulink blocks as well as 

some of the SimPowerSystem blocks as shown in Figure 7. The 

output of this model is a vector containing three signals: state-

of-charge (SOC), battery current and battery voltage [12]. 
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Fig. 7 - Subsystem implementation of the Li-Ion battery model 

The main feature of this battery model is that the parameters can 

easily be deduced from a manufacturer’s discharge curve. 

 

D. The PEMFC stack model  
The fuel cell stack voltage (Vfc) is described as 

    (        (
   

  
)  

 
   

 
  

)          

Where Eoc is the open circuit voltage (V), N is the number of 

cells, A is the Tafel slope (V), Io is the exchange current (A), Ifc 

is the fuel cell current (A), Td is the response time (sec), and 

Rohm is the internal resistance (Ω). The dynamic model of 

PEMFC is built and implemented using MATLAB/Simulink. 

The modified fuel cell modelcombines the features of chemical 

[13] and electrical models [14]. Hence, it’s suitable for electrical 

simulation programs and can represent the effect of operating 

parameters on the stack. The model is implemented as shown in 

Figure 8.Fuel cell manufacturers provide specifications of their 

stacks which include the peak power, polarization curve, 

number of cell, etc.The PEMFC stack model is modified to 

include a fuzzy logic temperature controller areused to obtain 

the models parameters. 

 
Fig. 8 - Subsystem implementation of the PEMFC stack model 

II. Hybrid Systems Energy Controller Based on 

Artificial Intelligence 
Anovel adaptive scheme for energy management in stand-alone 

hybrid power systems,the proposed management system is 

designed to manage the power flow between the hybrid power 

system and energy storage elements in order to satisfy the load 

requirements based on artificial neural network (ANN) and 

fuzzy logic controllers [15]. The method offers an on-line 

energy management by a hierarchical controller between four 

energy sources comprises photovoltaic panels, wind turbine, 

battery storage, and proton exchange membrane fuel cell [16]. 

The proposed method includes a MPPT controller in the first 

layer, to achieve the maximum power point (MPP) for different 

types of PV panels; two different techniques will be presented 

(P&O and neural network). In the second layer, an advance 

fuzzy logic controller will be developed to distribute the power 

among the hybrid system [17] and to manage the charge and 

discharge current flow for performance optimization. Finally in 

the third layer, smart controllers are developed to maintain the 

stability of the PEMFC temperature and to regulate the fuel 

cell/battery set points to reach best performance [18]. Figure 9 

shows the proposed control structure for the hybrid generation 

system. 

 
Fig. 9 - Block diagram of the proposed system 

III. Simulation Discussion 
The dynamics simulation models for each of the: PV array, wind 

turbine, PEM fuel cell, and Li-Ion battery were explained and 

shown. Afterward, an optimized energy management [19-

22]based on a hierarchical controller has been implemented to 

satisfy important objectives such as: optimal operation of PV 

panel, battery charge balance, optimal operation of FC, and 

load. Here, P&O algorithm with linear and non-linear 
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controllers are provided for a comparison with the proposed 

MPPT controller system [23-29]. 

 

IV. Conclusion 
The analysis of simulation results has shown that the adaptive 

algorithm developed is suitable for stand-alone hybrid power 

systems. This control algorithm is capable of:  

 Extracting maximum power from the PV panels with tracking 

efficiency exceed 94.5%.  

 Splitting the power between the power sources to sustain the 

efficiency of the system.  

 Regulating the PEMFC on/off status according to external 

environmental changes and to load demand expectation  

 Optimizing the generating performance of the PEMFC by 

maintaining the temperature stable and equal to the stack 

operating temperature (e.g. 65%).  
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