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ABSTRACT:

The studied system consists of a 59 kW Proton Exchange Membrane (PEM) electrolyser 6 powered by a photovoltaic (PV) generator through a boost converter for H 2 production. The PV panels were sized to 63 kW according to the Belfort region in France, and controlled using Maximum Power Point Tracking (MPPT) technique allowing the extraction of the maximum available power. It is also shown that the produced H2 flow is increased if the input water is heated. The optimal input water temperature is investigated in order to maximize the produced H 2 by taking into account the physical constraints when using a maximal temperature in a given system and the limitation to avoid the transformation of the water into vapor. Fuzzy Logic (FL) control is used to determine the instantaneous optimal water temperature and a simple proportional integral (PI) controller heats the inlet water to the optimal temperature. It is also shown that the pressure affects the system efficiency and temperature, and the proposed controller manages the water temperature and pressure. The proposed system design allows the production of H 2 and the extraction of the maximal available solar power. The electrolyser efficiency is substantially increased as a result of using MPPT for the PV panels and FL with PI as water heating controllers.

I-INTRODUCTION:

Fig. 1: The proposed system for the PV-Electrolyser with water heating control Batteries bank can be a solution for energy storage, but their disadvantages are low energy density, selfdischarge, leakage characteristics, and are not suitable for long-term energy storage. Hence, batteries are not the best solution [START_REF] Agbli | Multiphysics simulation of a PEM electrolyser: Energetic Macroscopic Representation approach[END_REF]. Hydrogen can be stored for a long period with low energy losses and its quantity increases with water temperature heating (Fig. 2). This makes hydrogen suitable for energy storage. Moreover, hydrogen is better suited where the conventional fossil fuel is expensive.

In the PEM Electrolyser, water is supplied through water pipes at the anode reaction interface [START_REF] Saadi | Static Proton Exchange Membrane Fuel Cell Models Comparison[END_REF][START_REF] Becherif | Static and dynamic proton exchange membrane Fuel Cell models[END_REF]. Oxygen is produced at the anode side and hydrogen is produced on the cathode side as explained in reaction (1) (Fig. 3) and (Fig. 4). The most commonly used membrane material is Nafion. It produces oxygen, protons and electrons by applying a DC voltage. At the cathode side, hydrogen is formed by the recombination of electrons and protons (2) (Fig. 3). The overall chemical reaction of the water electrolysis is given by [START_REF] Becherif | Static and dynamic proton exchange membrane Fuel Cell models[END_REF].

H ଶ O → భ మ O ଶ 2H ା 2e ି (1) 2H ା 2e ି → H ଶ (2) H ଶ O → భ మ O ଶ H ଶ (3)
Reactions (1, 2 and 3) have to be decoupled into the different physical areas: Three kinds of fluidic links in the electrolyser stack can be considered (Fig. 3):

• At first, on both anode and cathode inlets, liquid water is supplied, while the liquid water and the gas produced are removed from both outlets. • In the second step, liquid water is only supplied to the anode inlet and at the anode and cathode outlets, liquid water and produced gases are collected. • At the end, the feeding water is supplied to the anode inlet only, but at the outlet channels, the vapor water and the produced gas are drained off. In Fig. 4, the synoptic of internal phenomena in the electrolyser is presented. The energy produced by renewable energy sources (wind turbines and PV panels) are used in the electrolyser to split the water molecule into hydrogen and oxygen. This energy is supplied by applying DC voltage level between the stack terminals expressed by ܸ = ∆G/nF at the standard condition (T = 25 °C, p = 1 atm). At this voltage point, the heat energy needed is T∆ܵ (S is the entropy and T the temperature) that must be taken from the surrounding environment [START_REF] Craig | Light, water, hydrogen; the solar generation of hydrogen by water photoelectrolysis[END_REF], and the energy needed is expressed by the enthalpy ∆H = ∆G + T∆S. The voltage needed for splitting the water is: ܸ ௧ = ∆H/ nF = 1.482 V.

For obtaining electrochemical energy and thermal energy, necessary heat energy covered partially or completely by the electrical energy. If partially the electrical energy needed to convert chemical energy is taken from the electrolyser environment if the heat of electrolyser is not enough. In the Fig. 4, energy flows are represented by the arrows.

Two kinds of PEM electrolysis are considered: low-pressure water electrolysis below 30 bars and high pressure water electrolysis above 30 bars up to 135 bars.

The electrolyser efficiency does not exceed 75% and that of Fuel Cell (FC) system does not exceed 40%, so the overall efficiency of total system is about 27%, which is low compared to the batteries. On the other hand, the battery self-discharge makes it unable to consider long storage periods.

I.I

Short presentation of the considered graphic modeling tool:

The Energetic Macroscopic Representation (EMR) is an energy-based graphical modeling tool to describe complex electrochemical systems. It is based on the action-reaction principle to organize the interconnection of subsystems according to the physical causality (i.e. integral causality). The inversion of the graphical description by using specific rules leads to a Maximal Control Structure (MCS) of the system for which it is assumed that all variables are measurable. This methodology has been successfully applied to fault-tolerant supplies, railway traction systems, wind energy conversion systems, hybrid electric vehicles using supercapacitors [START_REF] Solano-Martinez | Energetic macroscopic representation of a multiple architecture heavy duty hybrid vehicle, Vehicle Power and Propulsion Conference[END_REF] and energy storage systems using compressed air [START_REF] Bossmann | Energetic Macroscopic Representation of a hybridstorage system based on supercapacitors and compressed air[END_REF]. Thus, it has been possible to extend EMR beyond its initial aims in order to describe all multi-physics systems [START_REF] Chrenko | Fuel cell modeling and control with Energetic Macroscopic Representation[END_REF][START_REF] Chrenko | Static and dynamic modeling of a diesel fuel processing unit for polymer electrolyte fuel cell supply[END_REF]. Practical Control Structure (PCS) can be deduced from the MCS by applying simplification rules and using only few available measurements. More details can be found in [START_REF] Chrenko | Fuel cell modeling and control with Energetic Macroscopic Representation[END_REF], [START_REF] Chrenko | Static and dynamic modeling of a diesel fuel processing unit for polymer electrolyte fuel cell supply[END_REF], [START_REF] Chrenko | Inversion-based control of a proton exchange membrane fuel cell system using energetic macroscopic representation[END_REF], [START_REF] Bouscayrol | Energetic Macroscopic Representation (EMR) application to a system of multimachine traction[END_REF] and [START_REF] Bouscayrol | Multi-converter multimachine systems: application for electromechanical drives[END_REF].The principal blocks of EMR are explained in [14].

I.II Short presentation of fuzzy logic controller:

This type of control approaches the human reasoning and makes use of the tolerance, uncertainty, imprecision and fuzziness in the decision-making process. It manages to offer a satisfactory performance without the need for a detailed mathematical model of the system, just by incorporating the experts' knowledge into fuzzy rules.

In addition, it has inherent abilities to deal with imprecise or noisy data; thus, it is able to extend its control capability even to those operating conditions where linear control techniques fail (i.e., large parameter variations).

This system has four main parts. First, using input membership functions, inputs are fuzzified, then based on inference rules, outputs are produced and finally the fuzzy outputs are defuzzified and applied to the main control system. Fig. 5 shows inputs and outputs membership functions and inference rules used for water temperature control.

Where: Q (or ݍ ு మ ) represents the hydrogen flow; DQ (or ݍ∆ ு మ ) represents the differential H 2 flow; t is the electrolyser operation work; T represents the water temperature.

II-PV PARAMETERS DESCRIPTION:

The solar module is an association of n ୡୣ୪୪ୱ cells in series with n ୡୣ୪୪୮ cells in parallel [START_REF] Becherif | Design and sizing of a stand-alone recharging point for battery electrical vehicles using photovoltaic energy[END_REF], the conversion of solar energy into electrical energy is expressed by a non-linear relation between the current I ୫ and the voltage V ୫ of the module:

ܫ ൌ ܫ െ ܫ ቂexp ቀ ುೇ ାூ ುೇ .ோ ೞ . ቁ െ 1ቃ െ ುೇ ାூ ುೇ .ோ ೞ ோ ೞ (4) 
With:

ܸ ் = ் ುೇ n Ideality factor ܭ ܭܬ‪ሾ ିଵ ሿ = 1.38 * 10 ିଶଷ Boltzmann constant q [C] = 1.602* 10 ିଵଽ Electron initial charge ܫ [A]
The photo current

I ୫ [A]
The diode saturation current R ୱ୫ [Ω] The serial module resistance R ୱ୦୫ [Ω] The parallel (shunt) module resistance

The photocurrent is related to the illumination by:

ܫ = ா ா ቀܫ , ߤ ூௌ ൫ܶ െ ܶ , ൯ቁ (5) 
E ୣ and E ୰ୣ Irradiance at T and the reference illumination.

T ,୰ୣ [°C]=25

The temperature at standard test conditions (STC). The coefficient of variation of short-circuit current with respect to temperature (provided by the manufacturer).

II.I Maximum Power Point Tracking:

MPPT is a technique that inverters use to get the maximum possible power from solar panels. Because of complex relationship in solar cells between solar irradiation, temperature and total resistance, it produces a non-linear output I-V curve (Fig. 6). The aim of MPPT is to obtain and maintain a PV operating at the maximum power point, using MPPT algorithm [START_REF] Becherif | MPPT of a PEMFC based on air supply control of the motocompressor group[END_REF].

For this purpose grid-tie inverters, solar battery chargers and similar devices are typically integrated into an electric power converter system that provides voltage or current conversion, filtering, and regulation for driving the electrolyser.

Many MPPT algorithms can be found [START_REF] Hohm | Progress in photovoltaics: research and applications, 22 NOV 2002[END_REF]:

• Perturb and observe (P&O)

• Incremental conductance (IC)

• Parasitic capacitance (PC)

• Constant Voltage (CV) In this PV model, MPPT P&O algorithm is chosen for its simplicity, robustness and ease of implementation (Fig. 7).

The module used for this purpose is TOTAL ENERGIE TE850 of 90 Wp (18V/5A). Current-voltage and power-voltage curves of this PV module are shown in fig. 8 for different solar levels (1000, 900, 800, 700, 600, 500 and 400) W/m²: In this study, the solar irradiance is 1000 W/m² and the ambient temperature is of 25 °C 

III-ELECTROLYSER PARAMETERS DESCRIPTION:

The electrolyser used is staXX7 of H-TEC (59 kW, 300A), with an active area of 16 cm² and a membrane thickness of 130 µm. In the experimental test applied in FEMTO-ST laboratory the temperature is not controlled and the voltage is imposed and the current is obtained. The electrolyser parameters are given in [START_REF] Agbli | Multiphysics simulation of a PEM electrolyser: Energetic Macroscopic Representation approach[END_REF] The general PEM model blocks are constructed using EMR blocks (Fig. 9):

IV-MAIN WORK:

Two approaches are used for a comparison purpose: 1 -With control of the water temperature. 2 -Without water temperature control.

The last assembly (Fig. 10) comprises a voltage generator, the current shunt assembly for the regulation of the assembly and an oscilloscope for data acquisition.

IV.I Simulation of the model without water temperature control:

The temperature of the stack is measured by introducing two thermocouples in the two channels of the cathode evacuation. The tank temperature is measured with a third thermocouple which is introduced into the water tank.

IV.I.I The electrochemical parameters:

They are determined by identifying the parametric equation:

Q ሶ ୌ మ _ୣ୫ = mሶ ୌ మ _ୣ୫ C ሺT െ T ୟ୫ୠ ሻ (6)
This identification task is made using:

• A polarization curve.

• A free variation of the temperature during the drawing of the polarization curve.

V ൌ E η ୪ R ୣ j (7) 
The five electrochemical parameters ሺα , α େ , j , , j ,େ , σሻ for equations η ୪ (activation over potential) determined through Matlab parameter identification tools (Lookup table) because these parameters are related to the operating temperature and there is no mathematical method to calculate them (Fig. 11).

α : Anode charge transfer coefficient α େ : Cathode charge transfer coefficient Fig. 11: α , α େ , j , , j ,େ , σ deduced by using Lookup table j , : Anode exchange current density, A/cm² j ,େ : Cathode exchange current density, A/cm² σ: Membrane conductivity, s/cm Using the following V-I curves (Fig. 12) the electrochemical parameters can be determined, for each of curve five values for five electrochemical parameters can be determined an so on for the other curves for goal of having a large scale of values determined at different temperature operating.

IV.I.II The thermal capacity of the stack C ୲୦_ୱ୲ୟୡ୩ and caloric capacity of the water tank C ୲ୟ୬୩_ୌ మ :

The use of electrochemical parameters and thermal parameters enables obtaining the thermal capacity of the stack C ୲୦_ୱ୲ୟୡ୩ and caloric capacity of water tank C ୲ୟ୬୩_ୌ మ thanks to a heuristic approach consisting of scanning a range of incremental values in which the solution according to a priori physical knowledge of the system can be obtained. 

IV.II

V ൌ E η ୪ R ୣ j (8) 

V-SIMULATION RESULTS AND DISSCUSSION:

To obtain different curves of U=f (I) at different temperatures, the current is injected and the obtained voltage represent the result of electrolyser modeling.

The voltage curves as a function of the current at different temperature in the electrolyser are given by Fig. 12.a.

The electrolyser voltage was fixed at 200V and for each temperature curve, the current value is obtained as shown in Fig. 12.b:

The current at different temperatures are listed in 13). The changes in water temperature cause changes in the electrolyser current and consequently changes in the hydrogen flow. Hence the hydrogen generation can be maximized through a water temperature control.

The curve of the hydrogen flow as function of the water temperature is given in Fig. 2 and the whole system (PV, electrolyser, MPPT, FL and PI controller) is given in Fig [START_REF] Agbli | Multiphysics simulation of a PEM electrolyser: Energetic Macroscopic Representation approach[END_REF].

MPPT is used to maximize the output PV electric power while the water temperature control using PI controller maximizes the output electrolyser ܪ( ଶ ). FL technique is used to determine online the water temperature reference according to the physical constraints.

Firstly the model (PV and electrolyser) operates at a water temperature of 85 °C. However, this temperature threshold is not supported by the electrolyser during a long time period. Hence the FL technique decides to decrease this temperature reference after a specific period (that can be adjusted regarding a physical constraint) to a new threshold of 63 °C. After a "cooling" period of operation at low temperature, FL can increase once again the temperature reference and so on.

The primary source used for the water heating is obtained either by using unutilized long wavelength radiation received from the sun [START_REF] Mokri | Evaluation of a CPV system with beam-splitting for Hydrogen generation[END_REF], or by subtracting part of the produced PV power, which represents about 20% of the whole PV power generated as depicted in Fig. 1. This second solution is applied in this work.

In Fig. 14 The electrolyser operation period at the maximal water temperature of 85 °C is equal to 2/3 of its total operation cycle and the average flow of hydrogen production in this case 3.302 * 10 ିସ m ଷ /s. On the other hand, this flow is only 2.1 * 10 ିସ m ଷ /s when there is no water temperature control (i.e. with PV-MPPT) and the water temperature is 15 °C, so the increased amount of ܪ ଶ using the proposed control is: This result shows that the water temperature control is very important to increase the ܪ ଶ flow at the output, and the proposed control used is very powerful when combined with the PV-MPPT.

For the case where the MPPT control and water temperature control are not applied, the hydrogen flow decreases to a very low value, and its value of 2.5 * 10 ି ݉ ଷ ݏ/ .

A modification of the maximum water temperature threshold has to be considered for different geographic altitudes because of the ambient pressure changes. The boiling temperature changes with altitude, and a modification of the maximum temperature supported by the electrolyser has to reconsidered as explained in Fig. 15.

ܶ ܪ ଶ ܱ

Electrolyser input water temperature ܶ ܪ ଶ ܱ_ܲ Electrolyser input water temperature considering the pressure changes ܶ ܪ ଶ ܱ_F Electrolyser input water temperature using water temperature FL controller ܶ ܪ ଶ ܵܮܧ_ܱ Water temperature provided to PEM electrolyser Any change in pressure will cause maximal temperature change and there will be a comparison between maximum water temperatures resulted from both mentioned controllers ܶ ܪ ଶ ܱ_F and that of pressure controller ܶ ܪ ଶ ܱ_ܲ. As a result, the minimum value between ܶ ܪ ଶ ܱ_F and ܶ ܪ ଶ ܱ_ܲ will be taken as input for the PEM electrolyser.

VI-CONCLUSION:

In this article, the effect of the water tank temperature on the hydrogen flow is studied. The water temperature range studied is between 25 °C and 90 °C. The results show that the increase of water temperature improves the system efficiency, and that the hydrogen flow is proportional to the water temperature. In order to maximize hydrogen flow at the electrolyser output, a Fuzzy Logic controller is applied to maximize the water temperature and at the same time keep the maximum threshold temperature as long as possible, figs (14.a and 14.b). On the other hand, to maximize the power at the PV output, the MPPT method is applied. The result shows that, the comparison between the hydrogen flow in case of no control of water temperature (at 15 °C) with that in case of MPPT and FL controller, the control methods used lead to an increase in the hydrogen flow up to 57.24 % figs (14.b and 14.c). For more development in total model, variation in ambient pressure is considered to have exactly the correct maximum water temperature with different geographical altitudes (fig. 15).
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  Simulation with tank water temperature control: Considering the temperature T ୧୬_ୌ మ [° C] = (25, 30 ......... 50, 55, 60) and the potential values E [V] = (E ଶହ °େ, E ଷ °େ … … . . E ହ °େ, E ହହ °େ, E °େ), and after that, the values of parameters α, β, γ, δ, υ of the equation E = α βT γT ଶ δT ଷ υT ln T are determined using Matlab « Fittype » and « Cfit » for at the end finding the equation E ൌ E ΔE with ΔE ൌ ୖ ଶ ln ሺP ୌ మ P మ .ହ ሻ. With the help of «Lookup table » of Matlab the electrochemical values are verified.
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 12 Fig. 12.a: Polarization curve with different water temperature and Fig. 12.b: polarization curve at 80 °C.
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 13 Fig. 13: Using Lookup table to obtain the PEM electrolyser current as function of water temperature

Table 1 :

 1 Lookup table to obtain the current values as a function of temperature (Fig.

	I (A)	115.3	116.6 117.2	121.4	127.9	132.1	138.3	140.8	144.2	146.9
	T (°C)	25	27	30	32	35	37	40	42	45	47
	I (A)	150.4	152.7	156	159.5	163.5	179.9	190.1	198.2	206.1	213.6
	T (°C)	50	52	55	57	60	70	75	80	85	90
	These values are introduced into a							

Table 1 :

 1 The current values as a function of temperature