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Testing of proton exchange membrane fuel cell system is one of the most important issues due to the cost and security reasons in railway applications. To reduce the cost, it would be necessary to have a representative simulation model for this case. Having an accurate model of proton exchange membrane fuel cell system requires considering several auxiliary circuits. However, in industrial application, the accurate model of proton exchange membrane fuel cell system and corresponding information are not often provided by the designer. Moreover, the simplicity and representativity of model is required to be compatible with overall traction chain model. The model has to be suitable for system simulation and not design purpose. In this paper, a simplified model of PEMFC system is proposed using the experimental profile mission. The impact of all the environment system of proton exchange membrane fuel cell stack is estimated using the average of polarization curve on several operational points. The parameter identification process is applied, and the obtained parameters are then inserted on the overall system of fuel cell stack. The experimental data obtained through train is compared with the consecutive simulation results.

I. INTRODUCTION

Fuel cells (FCs) are one of the most promising renewable energy sources. They are environmentally clean, and they have low emission of oxides of nitrogen and sulfur. There are wide range of FC technologies classified into different categories based on fuel used, operating temperature and type of electrolyte. Among different types of FCs, Proton Exchange Membrane Fuel Cell (PEMFC) has lower temperature (under 100°C), fast connection time and easiest manufacturing process compare to the other types of FC. It has fast dynamic response in the condition of load variation, and it is compact, lightweight and noiseless [START_REF] Blunier | Pile Combustible (French)[END_REF].

The open circuit voltage of PEMFC is obtained by the differential potential between oxidant (Oxygen coming from air) and fuel (Hydrogen) in cathode and anode, respectively [START_REF] Dicks | [END_REF]. The maximum differential potential provided by PEMFC is about 1.23 V. In railway applications, to have sufficient amount of power (around 250 KW) to supply the whole traction chain, PEM fuel cell system is used. It consists of several PEMFC stacks in different configuration in series, parallel or combination of series and parallel. To manage an adequate gas, it is required to have several auxiliaries such as hydrogen, cooling, air and humidification circuit.

The testing activities are the most important issue due to security and cost reasons in railway traction chain design. Therefore, having a representative simulation model of chain components is required. The simulated model of components such as PEMFC system has to be compatible with overall traction chain model. Thus, the simplicity and representativity of PEMFC system model are in priority. The model has to be suitable for system simulation and not design simulation. The PEMFC system model has to consist of the PEMFC stack model and the auxiliary circuits.

Several approaches are done to propose the static and dynamic model of PEMFC stacks [START_REF] Lee | Dynamic and Steady-State Performance of PEM Fuel Cells under Various Loading Conditions[END_REF]- [START_REF] Cultura | Dynamic Analysis of a Stand Alone Operation of PEM Fuel Cell System[END_REF] and [START_REF] Becherif | Electrical equivalent model of a proton exchange membrane fuel cell with[END_REF] which provide the polarization curve (voltage as a function of current). In last few years, the numerical modeling, computer simulation and PEMFC stacks performance have been proposed [START_REF] Dicks | [END_REF], [START_REF] Maher | Modelling of proton exchange membrane fuel cell performance based on semi-empirical equations[END_REF]- [START_REF] Khan | Dynamic Modelling and Simulation of a Fuel Cell Generator[END_REF]. State-space modelling of PEMFC is provided in [START_REF] Sachin | State-Space Modeling of Proton Exchange[END_REF]. These approaches allow us to establish equivalent electrical model of PEMFC. There are several approaches to propose the PEMFC stacks model using graphic way of power transfer in the system. In [START_REF] Bressel | Dynamical modeling of Proton Exchange Membrane Fuel Cell and parameters[END_REF]- [START_REF] Bressel | Bond Graph for modeling and diagnostics of Proton Exchange Membrane Fuel Cell[END_REF], PEMFC stack model is proposed based on bond graph methodology [START_REF] Gandanegara | Modeling and Multi-time Scale Analysis of Railway Traction Systems Using Bond Graphs[END_REF] which illustrates the energy exchange within overall system. Generally, the methodology of bond graph is applied to model the PEMFC stack in the following sections.

As mentioned in previous approaches, the polarization curve depends on numerous factors such as membrane thickness and state of hydration, catalyst loading, catalyst layer structure flow filed design and operating conditions (temperature, pressure, humidity, flowrates and etc.) [START_REF] Mahmah | Dynamic Performance of Fuel Cell Power Module for Mobility Applications[END_REF]. Experimentally, the polarization curve is also impacted by the transient load use, which causes a hysteresis effect on the dynamic characteristics of PEMFC stack [START_REF] Talj | Parameter analysis of PEM fuel cell hysteresis effects for transient load use[END_REF]. Based on several studies, the hysteresis effect occurs due to several reason such as double layer charging effect [START_REF] Fontes | Interactions Between Fuel Cells and Power Converters: Influence of Current Harmonics on a Fuel Cell Stack[END_REF] and its interaction with activation losses [START_REF] Gerteisen | Modeling the phenomena of dehydration and flooding of a polymer electrolyte membrane fuel cell[END_REF] and water management in the cells [START_REF] Le Canut | Impedance study of membrane dehydration and compression in proton exchange membrane fuel cells[END_REF]. Therefore, it would be necessary to take into account the PEMFC stack dynamic model, auxiliary circuits model, its control command system to realize the polarization curve of overall system in various operating modes. The detailed model of PEMFC system are presented in [START_REF] Li | Modeling and performance analysis of PEM fuel cell system[END_REF] and [START_REF] Eng | Modeling and Analysis of Renewable PEM Fuel Cell System[END_REF].

However, in railway application, a simplified model from user point of view is required to test the overall performance of system in different operating modes. Moreover, the detailed information and data about the PEMFC system are not often provided by the manufactures. Therefore, it is required to propose a model based on the overall profile mission of PEMFC system.

In this paper, a simplified model of PEMFC system is proposed using the experimental profile mission on train. The PEMFC stack model is obtained using bond graph methodology. To adapt the PEMFC stacks model parameters, the output polarization curves on experimental measurements affected by several auxiliary circuits is estimated by a specific average curve. This paper is organized as following. In section II, the general structure of PEMFC stack and PEMFC system are explained. The electrical model considering voltage drops of each cell under load condition is illustrated. The corresponding equations are provided. In section III, the parameter identification process is illustrated. The average polarization curve is obtained using the part of measured profile mission. The parameters of electrical circuit are then adapted using the average characteristics of PEMFC system. The railway experimental results in the other part of mission profile are compared with simulation results in section IV.

II. PEM FUEL CELL SYSTEM

A. PEMFC System Structure

A PEMFC system is constituted by several PEMFC stacks in series/parallel combination to achieve higher output voltage and power. Fig. 1 shows the example of basic PEMFC stack and PEMFC system configuration. As it is illustrated in Fig. 1 (a), the PEMFC stacks consists of a multitude of single cells stacked up. Each single cell is constituted by a membrane, electrodes which are the catalyst layer, a gas diffusion layer and a bipolar plate to separate the cells connected in series. The electrochemical reactions occur on anode (hydrogen) and cathode (oxygen). Therefore, in the PEMFC stack structure, the cathode of a single cell is electrically connected to the anode of the adjacent cell. In this paper, it is assumed that the parameters of individual cells can be lumped together to represent PEMFC stacks. Thus, it is assumed that the same current flows through each cell on the stack. Considering the overall current of PEMFC system as ܫ ௨௧ ሺݐሻ, the current for each single cell is as below:

ܫ ሺݐሻ ൌ ܫ ௨௧ ሺݐሻ ܰ ௦௧ǡ (1) 
where ܰ ௦௧ǡ is number of series stacks in parallel. Supposing the output voltage response of each single cell as ܸ ሺݐሻ , the output voltage of PEMFC system can be calculated as [START_REF] Dicks | [END_REF].

ܸ ௨௧ ሺݐሻ ൌ ቀܰ ܰ ௦௧ǡ௦௦ ܸ ሺݐሻቁ െ ܸ ሺݐሻ െ ܸ ோ ಽ ሺݐሻ (2) 
where ܰ and ܰ ௦௧ǡ௦௦ are numbers of single cell in PEMFC stacks, number of stacks in series, respectively. ܸ ሺݐሻ and ܸ ோ ಽ ሺݐሻ represent the voltage losses due to cables' impedance which can have an impact on dynamic response.

PEMFC stacks are obviously the heart of PEMFC system. However, it is required the supporting equipment to be useful and perform efficiently. Typically, the PEMFC systems involves several subsystems such as oxidant supply, fuel supply, heat management, water management, power conditioning and instrumentation and controls. Fig. 2 depicts a PEMFC stack with the involved auxiliary circuits.

Fig. 2 PEMFC stack and the involved auxiliary circuits

There is also a control system which sends or receives the commands depending on the operating modes. The control system structure is different depending on the designers.

The static and dynamic behavior of the system output are impacted by the subsystems and PEMFC stacks. However, as it is required to have a simple and representative model of PEMFC system, it is focused on the user point of view model. To do so, the impact of auxiliary circuits on polarization curve is considered in the proposed methodology in this paper considering the average polarization curve on train measurements. In the following sections, the PEMFC stack model is presented and the proposed methodology to predict the behavior of PEMFC system is discussed.

B. PEM Fuel cell stack model

The electrical model of a single cell of PEMFC stack is proposed in different literatures [START_REF] Wang | Dynamic models and model validation for PEM fuel cells using electrical circuits[END_REF]- [START_REF] Becherif | Electrical equivalent model of a proton exchange membrane fuel cell with[END_REF]. Fig. 3 depicts the PEMFC dynamic model considered. Once the electrical load is connected to the fuel cell, the internal potential will decrease due to the voltage drops caused by the kinetic electrochemical reactions, convection and diffusion process, resistance of electrons flow, and transferred ions through solid polymer membrane and electrode materials. These voltage drops are namely, activation, concentration and ohmic losses, respectively [START_REF] Wang | Dynamic models and model validation for PEM fuel cells using electrical circuits[END_REF]. There is also the double layer charging effect which is presented as a capacitor denoted C [START_REF] Dicks | [END_REF]. The voltage equations of internal potential and voltage losses in the presence of load are presented as ( 3)- [START_REF] Becherif | Electrical equivalent model of a proton exchange membrane fuel cell with[END_REF].

ܧ ሺݐሻ ൌ ܧ ǡ ݈݊ሺ ுଶ כ Ǥ ሺ ைଶ כ ሻ Ǥହ ሻ െ ܧ ௗǡ (3) 
where ܧ ǡ ,  ுଶ כ ,  ைଶ כ and ܧ ௗǡ represent standard reference potential at standard state (298K and 1-atm pressure) which is 1.23 V, partial pressures (hydrogen and oxygen) and the fuel and oxidant delay of PEMFC, respectively. The fuel and oxidant delay are obtained as below [START_REF] Wang | Dynamic models and model validation for PEM fuel cells using electrical circuits[END_REF]:

ܧ ௗǡ ሺݐሻ ൌ ߣ ൬ܫ ሺݐሻ െ ܫ ሺݐሻ כ ݔ݁ ൬െ ݐ ߬ ൰൰ (4) 
where ߣ and ߬ are constant value ( π ) and overall flow delay in seconds, respectively. Note that ( כ ) is the convolution product. ܧ ௗǡ ሺݐሻ is zero in steady state.

The ohmic voltage loss and state equation which represents the double layer charging effect are provided in ( 5) and ( 6) respectively.

ܸ ǡ ሺݐሻ ൌ ܫ ሺݐሻ ݈ ܵሺߪሻ (5) ܸ ሶ ǡ ሺݐሻ ൌ ͳ ܥ ܫ ሺݐሻ െ ͳ ൫ܴ ௧ǡ ܴ ǡ ൯ܥ ܸ ǡ ሺݐሻ ( 6 
)
where ܵ is cell active area in cm 2 and ݈ is the thickness of membrane in cm (electrolyte of cell). ߪ is the membrane conductivity in mS/cm.

In [START_REF] Prasadsahu | Performance Study of PEM Fuel Cell under Different Loading Conditions[END_REF], ܥ represent double layer charging effect. ܴ ௧ǡ and ܴ ǡ are activation and concentration losses of each single cell of PEMFC, respectively. They can be expressed as [START_REF] Cultura | Dynamic Analysis of a Stand Alone Operation of PEM Fuel Cell System[END_REF] and [START_REF] Becherif | Electrical equivalent model of a proton exchange membrane fuel cell with[END_REF].

ܴ ௧ǡ ሺݐሻ ൌ ܴܶ ܫ ሺݐሻߙ݊ܨ ݈݊ ൬ ܫ ሺݐሻ ܫ ܫ ൰ (7) 
where ݊ ൌ ʹǡ ߙǡ ܫ and ܫ are the number of transferred electrons in chemical reactions in PEMFC, the charge transfer coefficient, corresponding current of activation and the internal leakage current, respectively. ߙ, ܫ and ܫ are the parameters which should be found from datasheet and experimentally.

ܴ ǡ ሺݐሻ ൌ െ ܴܶ ܫ ሺݐሻߚ݊ܨ ݈݊ ൬ͳ െ ܫ ሺݐሻ ܫ ௧ ൰ (8) 
where ܫ ௧ and ߚ are the limit diffusion current and a transfer coefficient of concentration loss, respectively. Note that ( 7) and ( 8) are valid while ܫ ሺݐሻ ് Ͳ.

Therefore, the dynamic output voltage of PEMFC ( 9) can be obtained using equations of ( 3)- [START_REF] Becherif | Electrical equivalent model of a proton exchange membrane fuel cell with[END_REF].

ܸ ሺݐሻ ൌ ܧ ሺݐሻ െ ܸ ǡ ሺݐሻ െ ܸ ǡ ሺݐሻ (9) 
The output voltage of PEMFC single cell in steady state condition (without load transition) turns to [START_REF] Fmoun | Electrochemical Circuit Model of a PEM Fuel Cell[END_REF].

ܸ ሺݐሻ ൌ ܧ ሺݐሻ െ ܸ ௧ǡ ሺݐሻ െ ܸ ǡ ሺݐሻ െ ܸ ǡ ሺݐሻ (10) 
where ܸ ௧ǡ ሺݐሻ and ܸ ǡ ሺݐሻ are the linked to ܴ ௧ǡ ሺݐሻ and ܴ ǡ ሺݐሻ respectively. The static polarization curve of PEMFC stack is as Fig. 4. Since the fuel cell stack developed for railway application are commercial products, authors have no access of detailed information about stack characteristics; and have taken some hypothesis for ܵ and ݈ constant based on the state of the art in the following sections. For the same reason, the control command of the auxiliary system is considered as a black box. Therefore, the dynamic behavior of PEMFC system is estimated using the profile mission measured on train. The estimated polarization curve is presented during the identification process in the following.

III. PARAMETER IDENTIFICATION

A. Experimental Profile Mission analysis

The parameter identification of a system is done by comparing the simulation results and system experimental measurement and tuning the model parameters. The optimal set of parameters is determined by minimizing the difference between the system response and simulation results.

To have the experimental results, the measurements are done on train (hybrid railway). Fig. 5 demonstrates the block diagram of the hybrid train including PEMFC system, battery, converter, motor, etc. It is also shown where the voltage and current measurements are done. The PEMFC system detailed block diagram is presented in Fig. 1 and2. Generally, the static polarization curve presented in the datasheet of PEMFC stacks are used to identify the parameters. Then, the dynamic response of PEMFC system which experimentally shows the nonlinear behavior, is obtained by a precise model of the overall PEMFC system. However, as it is aimed to have simplified model in user point of view, following approaches are proposed.

As depicted in Fig. 6, various voltage-current curves are observed based on the power demand to ensure the railway profile mission. All experimental polarization curves in profile mission are shown in Fig. 7 within 3h of measurement. Let us remind that the voltage and current shown in the following sections and figures are united by the maximum value of PEMFC voltage and current provided in the datasheet. The complete polarization curve can be obtained while progressive power range is demanded. Within 3h of measurement, 21 curves with the time constant of more than 5 seconds are registered. As illustrated in Fig. 7, it is distinguished two modes, denoted Mode1 and Mode 2. The Mode 1 defines the typical polarization curve impacted by the dynamic feature of system for different operating points considering the variation of temperature, level of the hydration etc. The voltage variation for the same demanded power is around 7%. This is due to the factors mentioned in section I which impact the polarization curve of PEMFC system. However, to identify the parameters, it is required to have unique polarization curve which represents a typical behavior of the PEMFC system during profile mission. This typical polarization curve allows us to identify the static parameters of system. Therefore, an average of polarization curve is obtained in next section.

The Mode 2 is due to the dynamic response of PEMFC system in fast power variation (<5 seconds response) which is out of the usual polarization curve. This mode occurs at maximum power while dramatically power reduction is demanded. At maximum power demand the hydration level of membrane is high and does not respond instantaneously. This mode allows us to identify the dynamic parameters of system.

B. Paramater identification of static model

Mainly, to identify the parameters, a part of measured voltage and current (last 2h of test procedure) is considered. Then, the identified parameters are inserted in the model and the simulation results are compared with the other part of measurement (1h in the beginning of test procedure) which is not the same as the part used in identification process to confirm the model.

The differential evolution (DE) method [START_REF] Aluffi-Pentini | Global Optimization and Stochastic Differential Equation[END_REF] is used here to identify the parameters. In this case the cost function for DE method is achieved by minimizing the difference between desired and calculated output voltage of PEMFC system. The cost function is as: [START_REF] Khan | Dynamic Modelling and Simulation of a Fuel Cell Generator[END_REF] where ߝ represents the sum of error, ሺܸ ݐݑ ሻ ǡௌ is the calculated output voltage of PEMFC system in steady state operation [START_REF] Fmoun | Electrochemical Circuit Model of a PEM Fuel Cell[END_REF]. ሺܸ ݐݑ ሻ ǡெ is the measured output voltage of PEMFC system in the last 2h of test procedure. To have a unique voltage response, the characteristics of PEMFC system in Mode 1 within the last 2h of measurements can be considered as an average polarization curve. The average of polarization curve is obtained using a window of 6% maximum measured current as Fig. 8. For each window, the average value voltage and current values are represented by (ܸ ௨௧ǡ , ܫ ௨௧ǡ ) operating points which are plotted by the red curve in Fig. 8. 

Mode 1 Mode 2 ߝ ൌ ൫ሺܸ ௨௧ ሻ ǡெ െ ሺܸ ௨௧ ሻ ǡௌ ൯ ( 

C. Paramater identification of dynamic model

Once the desired parameters are obtained, the identification process has to be redone for the dynamic model. In this case one cycle of response voltage in Mode 2 is selected; the second identification process provides the values of ߣ , ߬ and ܥ . The cable impedance value is considered based on the its nominal value per meter.

IV. SIMULATION RESULTS AND COMPARISON WITH EXPERIMENTAL RESULTS

The PEMFC system model is simulated using (1)- [START_REF] Fmoun | Electrochemical Circuit Model of a PEM Fuel Cell[END_REF]. All the identified parameters in section III are inserted in the model. The measured power demand of PEMFC system in the first 1h of measurement is applied to the simulated model; then the results are compared with the measured output voltage as illustrated in Fig. 9. The average error of model during the profile mission in the first 1h of measurement is 1.85%. In mode 1 which consists the 90% of profile mission, the average value of error is about 1.7% and in mode 2 which consists the 10% of profile mission is about 5%. On the proposed model, the average of profile mission is considered to identify the parameters, therefore it is normal to have error on some specific and unusual point of profile mission (mode 2). The polarization curve obtained in simulation is compared with result on train in the first 1h of testing in Fig. 10. It is shown that simplified model of PEMFC system can represent two modes of experimental polarization curve. It is concluded that identifying the model parameter of PEMFC stack using profile mission allows to have a simple and representative model of PEMFC system with enough accuracy.

V. CONCLUSION

In this paper, PEMFC system is modeled using average experimental profile mission on train. This leads to have a simplified model of overall system in order to be easily simulate in railway application. The parameters of model are identified using the experimental average polarization curve. The two major characteristics of system in various operating modes are simulated using the dynamic model. Comparison between experimental measurements and simulation results depicts that the presented model sufficiently accurate to predict the behavior of PEMFC system.

In future work, the identification of PEMFC system model will be done considering the impact of control command circuits of PEMFC system.
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Fig. 3

 3 Fig. 3 Dynamic model of a single cell of PEMFC In Fig.3, ܧ is the internal voltage of PEMFC provided by chemical and mass reactions in open circuit condition.Once the electrical load is connected to the fuel cell, the internal potential will decrease due to the voltage drops caused by the kinetic electrochemical reactions, convection and diffusion process, resistance of electrons flow, and transferred ions through solid polymer membrane and electrode materials. These voltage drops are namely, activation, concentration and ohmic losses, respectively[START_REF] Wang | Dynamic models and model validation for PEM fuel cells using electrical circuits[END_REF]. There is also the double layer charging effect which is presented as a capacitor denoted C[START_REF] Dicks | [END_REF]. The voltage equations of internal potential and voltage losses in the presence of load are presented as (3)-(8).

Fig. 4

 4 Fig. 4 Characteristics of PEMFC single cell in steady state

Fig. 5

 5 Fig. 5 Block diagram of train including fuel cell under measurement

Fig. 6

 6 Fig.6 depicts the measured current (a) and voltage of PEMFC system (b) on the part of profile mission on train united by the maximum value of voltage and current ( ೠ ೌೣ , ூ ೠ ூ ೌೣ ) of PEMFC system provided in datasheet. Note that the sampling time of measurement is 0.5 second.

Fig. 7

 7 Fig. 7 Measured voltage response versus the current extracted from profile mission for 3h of test procedure

Fig. 8

 8 Fig. 8 Average voltage-current points for profile mission in last 2h of measurements The average curve represents the simplified polarization curve of PEMFC system used to identify the parameters of the PEMFC stack steady state model. The objective is to reproduce the response voltage of PEMFC system which is measured on 1h in the beginning of the test procedure shown in Fig.6 (b). The optimization is started with 100 for number of population and 100 for number of evaluations. As a matter of facts, 10000 numbers of iterations are applied. The required parameters for steady state model of PEMFC stack are ܫ ǡ ܫ and ܫ ௧ . ߙǡ ߚ and ߪ are patent technological parameters given in PEMFC stack datasheet.

Fig. 9

 9 Fig. 9 Comparison of measured output voltage of PEMFC system and the simulated one using identified parameters in section III

Fig. 10

 10 Fig. 10 Comparison of measured voltage and current of PEMFC system on train in 1h in the beginning of test and the simulated one.