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Abstract—This paper presents a control design for hybrid photovoltaic-fuel cell system (HPFCS). These stand-alone systems, power generation are installed close to the load and there are no transmission and distribution costs. The HPFCS is composed of a Fuel cell generator (FCG), a photovoltaic generator (PVG) and a supervisor associated to a DC Bus. A power management strategy is conceived to manage power flows. Priority is given to PVG as it satisfies the load requirements. To balance the power a FCG is used when the power provided by PVG is not enough. The DC bus is fed through a DC_DC converter. The PVG is composed by photovoltaic arrays interfaced to a DC bus through a boost converter. The most important issues in the connection of power PVG to the FCG interconnection is the voltage regulation at the point of common coupling (DC bus). A modeling study was performed for the proposed HPFCS components. A fuzzy supervisor is developed. In the other hand, a fuzzy voltage controller is associated to the boost converter in order to adapt the PVG voltage and another controller for FCG.
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I. Introduction
    Energy is recognized as a key enabler for development. It is the driving force that stimulates the economy development. It improves our life quality and makes daily living more easily. It plays an important role in the growth of a nation [1-2]. Solar energy is the most readily available source of energy. It is also the most important of the non-conventional sources of energy. It is Non-polluting and maintenance free. It is becoming more and more attractive [3].  The photovoltaic (PV) output power varies randomly due to fluctuation of solar insulation and climatic conditions. It completely disappears during the night hours. The major challenges for PV systems remains matching the sun’s diurnal and intermittent power supply with the dynamic and non coincident power demand [4]. Polymer Electrolyte Membrane fuel cell  is used as backup, it works as a compensator to the fluctuating power output of the PVG [5]. It converts the chemical energy into electricity, used in small and medium size power application. The existence of multiple sources of energy in such systems provides a degree of freedom to apply energy management among different sources [6]. In a HPFCS structure, the most important issue is how different energy sources participate in supplying to ensure the load demand. Besides this, the other specific goals of the energy management strategies related to fuel consumption, energy efficiency of the energy sources, safety, life cycle of the, and cost[7]. The design process of HPFCS requires a supervisor that manages and selects the suitable combination of energy [8]. Some control variables as the DC bus voltage, FC current, load demand, and PV current must to be inputs of the supervisor. Others criteria’s are used by the supervisor. Scheduling strategy where Home appliances can be divided in many categories to set up a specific control when something  occur[9], sensitivity method[10], economic behavior management[11], energy saving by energy management[12], offline optimization and online learning[13]. The first generation of supervisor considers the experimental use of the results and observations in the management strategy of the hybrid system through simple control algorithms [14-15]. The second is based on static optimization methods. This strategy is mainly used in power management of hybrid vehicles [16]. The third category concerns smart control techniques such as fuzzy, heuristic, neural networks, due to the existence of nonlinear dynamics, parameters sensitivity to environmental factors, the complexity of load, uncertainty, etc. which make the system's operation difficult; investigators have focused on smart strategies. Also smart strategy is appropriate to use in cases in which on-line power management is needed. A real-time strategy usually. The main idea of the fourth strategy is based on the dynamic nature of the hybrid system in which the main focus of efforts is to analyze transient events for power management simultaneously in regard to the system stability [17].In this paper the PVG is used as primary source. A new fuzzy supervisor is conceived taking into account the dynamics of the system.

II. The hybrid system configuration
    The HPFCS considered in this work is shown in figure1. 
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Fig.1. The proposed hybrid system configuration.
  It’s composed by two plants, controllers and a supervisor. The first one converts chemical power to electrical power, it’s composed by fuel cell and converter. The second plant extracts power from the received insulation by the PVG. It’s composed by photovoltaic arrays and boost converter. The selection of the convenient combination energy sources is realized by a supervisor. It is the intelligent part of the system. It selects the convenient mode by acting the switching unit (S1, S2). The design process of HPDS requires the modeling and sizing of the most suitable combination of energy sources.   The Analysis and Modeling of a Self-excited Induction Generator 

III. Models of the systems components

A.  PVG model

   The electric model of a solar cell is shown in figure 2 where
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 represent respectively the light-generated current source, the diode, the series and parallel resistances[23].
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Fig.2 Equivalent solar cell’s electric circui  
B. The FCG model

    The fuel cell directly converts chemical energy into electrical energy. It reacts hydrogen and oxygen to produce electricity, water and heat, according to the following overall chemical reaction expressed by equation (1) [19].
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The output voltage of the developed FC model is giving by the equation (2) [28]:
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The expressions of the different voltages  are described in(3),(4),(5) and (6).:  
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 If we connected N number of fuel cell, the fuel cell voltage of stack can be written by (7) 
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The calculation of the hydrogen consumption variations due to load changes is realized by the following equation (8) [21]:
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   The equivalent electrical circuit of the stack is a follows in figure 3:
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 Fig. 3 Equivalent fuel cell’s electric circuit

IV.     The DC Bus voltage control
  The DC BUS voltage control strategy is realized in two levels. The first is to implement two local voltages controls loops for the PVG and FCG separately. The second is based on FCG references current control. The expression of the DC Bus current is given by relation (9)
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   The FCG reference current is given by relation (15) 
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  The FCG reference current is given by relation (11) when FCG only is used

V. 
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  The PVG reference current is given by relation (17) when PVG only is used
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From equations 10, 11 and 12 we can deduce that the power management can be solved by voltage regulation and cancelling voltage fluctuation
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A    The HPFCS control
   The supervisor task is to satisfy the load requirements. PVG produces power is basically used. To balance the power, a FCG is used when the PVG power generated is not sufficient. The DC bus voltage control strategy is realized in two levels. The first level is to implement two local voltages controls loops for the FCG and the PVG separately. The second one is based on reference FCG current control.   The expression of the DC bus current is given by relation (13).
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   A fuzzy controller, used to balance the HPFCS and the load power. The synoptic diagram of the controller is shown in Figure 4. The fuzzy logic controller adjusts the active power injected by FCG. There are two inputs of fuzzy control. The first is designed
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  , where the second is the derivative of sensitive power. The output adjusts the amount of hydrogen and oxygen injected. 
      Power sensitivity is formulated to find the sensitiveness of HPFCS to each load. It is represented as 
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Fig 4 power management controller.

The Power sensitivity is bound to lower and upper limits respectively 
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The second input of the fuzzy controller is the derivative of the power sensitivity. It is used to measure the dynamic of the power sensitivity. The supervisor will ignore all high dynamics power sensitivity as defrost cycle, door opens for the refrigerator [21-22]. The Fuzzy Logic Controllers (FLC), does not depend directly on the converter’s model [23]. The controller contains a trapezoidal and triangular member ship functions denoted by 
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 for its derivative as presented in Figure.5 . For the output signals, fives triangular membership functions denoted by 
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 are used  to generate an electrical signal H that inject the needed amount of hydrogen
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 as indicated by relation (14) and oxygen by adjusting respectively the hydrogen pressure regulator and the air compressor.
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Fig. 5  The Structure of the Controller.
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The amount of fuel injected is maximum when the power sensitive is maximum and with medium dynamics, it will be nil when the dynamic is high 
B  The PVG  and FCG voltage control 

      The control of the required output boost voltage presented in figure 11 is realised by an adjustment of the boost converter duty cycle (
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) expressed by relation   (15) to obtain the desired voltage.

[image: image50.wmf]1

panel

dc

V

V

a

=

-

                                    (15)
     The controller contains two inputs parameters error and its derivative respectively designed by (16). 
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The elements of this rule base table are related to 
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Fig.6. Inputs and outputs membership functions 

The range of the error and it’s derivative will be adjusted for FCG. The elements of this rule base table are related to 
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  .Big errors need big voltage, however small errors need fine control, which requires fine input/output variables. The rule table are obtained as shown in Table 2, with error and change in error as inputs. 
 Table 2
Fuzzy rules table of the boost converter.
	Errors

	N
	Z
	P

	N
	NB
	NB
	Z

	Z
	PS
	Z
	NS

	P
	PB
	NS
	Z


VI. Simulation results
    The simulation in this work has been developped in Matlab/Simulink environnement.

In the first part we propose a scenario, for supervisor testing. The loads in the house holds include refrigerator, lamps for lighting, washing machine, radios, television, pump of water and phones chargers. The daily load profile represented in figure 8 describes a graph of the variation in the electrical load versus time. The simulated daily load profile giving an average value of 150W/H, a peak value of 550W and a high dynamics loads at 5 and 15H. Maximum PV output measured in daily kWh is expected at midday as shown in figure 8. 
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Fig 7. Daily load profile.

The plot in figure 8 shows a 24-hour period of PV production, PV production on a clear day varies from 1.5kWh/day on the Summer Solstice to 0.55 kWh/day on the Winter Solstice.
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Fig 8. Daily PV Production.

Figure 10 shows the difference between the daily PVG power generated and the daily load profile. However when we check the error, we can see that the FCG will compensate the insufficient power when the error is negative. 
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Figure 9. Error.

The power sensitivity is used to monitor the FCG.  It is bound between 0 and 1 as shown in figure10.
[image: image61.emf]0 5 10 15 20 25

0

0.5

1

Time(H)

Power sensitivity


Figure 10. Power sensitivity.

The derivative of power sensitivity is combined with power sensitivity to monitor the FCG.  The derivative of power sensitivity that appears at 5 and 15H will be ignored as indicated in figure 11.
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Figure 11. Derivative of error.

The supervisor is used for generating a control signal for controlling a power output of FCG as represented in figure12.
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Figure 12. Control signal
In the second part we propose a scenario, for voltage control testing. The load is fed by the PV array through a boost converter. The proposed insulation profile is described by the scenario given by figure 13.
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Fig 13: Insulation profile
The command of the PV boost converter is based on the DC voltage required equal to 100V computed as a reference boost voltage term. The current in the load is constant equal 1A. The figure 15 gives the output boost converter voltage and the panel voltage. It is clearly seen that the output reaches the desired value
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Fig 14: Output boost voltage

In the third part the proposed insulation is constant equal to 1Kw/m2. The current load profile is described by the scenario given by figure 15.
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Figure 15: Current load.

The figure 16 gives output Boost converter and panel voltage. The steady- state error was systematically nil.
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Fig 16: Output Boost converter voltage

In the fourth part the proposed load profile is described by the scenario given by figure 17.
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Fig 17. Fuel cell current profile

The figure 18 gives the fuel cell voltage. 
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Fig 18. Fuel cell voltage.

The figure 19 gives the fuel cell output Boost converter voltage. The response of Fuzzy logic controller is stable over the variation of the load. It is clearly seen that the output reaches the desired value.
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Fig 19. Output Boost converter voltage
VII. Conclusion

In this work a HPFCG control scheme for a remote area is developed. A load profile is studied to preview the operation of the system, to select and identify the components parameters. A power management strategy is realized to manage power flows between the different energy sources and the load. According to the insulation and load profile of PVG or  FCG IS decided in order to adapt the DC bus voltage to the required voltage load. The validity of the proposed model has been tested for different scenarios of output environmental conditions. The hybrid system works well. Besides, the proposed control structure is capable to supply the electrical loads without any interruption. The simulation results prove that the performances of the controllers are satisfactory under both steady state and dynamic working conditions.
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