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This paper resumes the works made by all the partners involve in the COPPACE project. The model based control of a Fuel Cell in high power rail transport is presented, from the chemical model to the complete simulation of the electrical train. The first step is to present the model and control method for the Proton Exchange Membrane Fuel Cell and its associated auxiliaries (pressure-flow-temperature control). In a second step, we present the system specification of an electrical power train with a Fuel Cell as an Energy Source and Supercaps as Energy Storage Elements and their associated controlled converters. In a third step, an approach to manage the 2 sources (current-voltage control) is given to deliver the power demand with respect an energy management strategy (hydrogen consumptionenergy level in supercaps, breaking energy recovery …)

INTRODUCTION

Due to stronger environmental constraints and the promised disappearance of usable mineral oil, there is a growing interest for few years in using alternative and renewable energy sources. To be useful, the new energy vector must be abundant, clean and easy to produce. Hydrogen is one of the most advanced solution. Used in spatial program Hydrogen Fuel Cells start to be well known and lots of project try to use it in transport applications [START_REF] Solero | Fuel cell HEV's assisted by ultracapacitor and battery storage system[END_REF], [START_REF] Friede | PEM fuel cell models for supply of an electric load[END_REF], [START_REF] Corgier | Hydrogen air fuel cell vehicule technology FEVER demonstration project[END_REF].

With support of the French ministry of transport and French environmental agency (ADEME), starts the project COPPACE (contribution to the control of embedded fuel cell) [START_REF] Pukrushpan | Modeling and Control for PEM Fuel Cell Stack System[END_REF]. The goal is to provide to an hybrid tramway, the same power demand as actually with a Fuel Cell system and a storage Element Device. The most efficient technology may be Proton Exchange Membrane Fuel Cell (PEMFC) because the current density is correct and they work at mid-temperature and low pressure easier to use in our transport application. So, here, we must work at low-pressure (Air Pressure : 1.5 bars -Hydrogen Pressure : 2 bars) and temperature around 80°C.

Using the power characteristics requested to follow the power demand of an actual tramway, the complete model must be understand to define the controllers needed and to define an energy management.

In the first part (I), the design of the Fuel Cell and the main phenomena are presented and regulators are designed to control Pressure, Flow and Temperature.

In the second part (II), the characteristics of the supercaps used as Energy Storage Element are defined and the two converters to link the two sources to the same DC bus are described.

In the last part (III), an energy management is proposed to compute the two source's references to have an optimal Hydrogen consumption on an actual power profile.

I. FUEL CELL SYSTEM

The model provided by our partner the CEA(French Atomic Research Centre) respects as accurately as possible the electrochemical behavior of a based cell called EME (Electrode-Membrane-Electrode). Liquid dynamics and thermal behavior of the Fuel Cell core are also modeled and the well known tension's behavior is obtained depending not only on the current produced, oxygen and hydrogen pressure but also temperature and gas humidity. That is shown on Due to the power needed in our high power electric train application project (900kW on board), one cell is not sufficient. To obtain the 450 kW nominal Fuel Cell's power S.Caux 1 , J.Lachaize The main problem is to decompose this complex Fuel Cell System and its auxiliaries into simple loops.

First, the different elements can be extracted and analysed : -In the air loop there is a compressor and its machine, an air blower element and a valve.

-In the cooling circuit a radiator extract heat from the water to the ambient air (ambient temperature is supposed to remain constant meaning the outside of the Fuel Cell is ventilated), two controlled valves and two pipe's connection (A,B).

-In the Hydrogen loop there is only a Hydrogen tank and a security valve. This loop is considered as an ideal Hydrogen sources providing H2 under the fixed pressure whatever the requested flow is.

-In the electrical loop is the load fixing the power demand to follow.

The main objective is to describe the main phenomena by simple but true relations and to establish control structures taking into account disturbances and non linearities. The regulator's must not only provide accuracy and dynamics but also linearise and compensate all possible variables. The representation on Fig3, shows the 2 entries in the air loop : Iref, to control the velocity of the compressor (thus the air flow) and the valve to extract some air (control the pressure). There is also a disturbance due to the current consumed (Ifc) linked by Faraday's law to the air flow consumed (Fo2c) to produce electricity.

A. Air loop control

The air blower element only add vapor (a molar flow called Xvap) in the circuit and the valve only extract part of the air. So controlling the compressor and the valve allow controlling pressure and flow in the cathode compartment. In the cathode compartment the air volume contained and the perfect gas law can easily describe the evolution of the pressure depending on the air entry flow.

But, first, the compressor must be controlled and simplified by the control structure given on Fig4. The synchronous machine driving the compressor velocity is controlled by the computation of its current. The compressor can be linearised using the constructor behavior map (Fcomp=f(Pcath,) [START_REF] Bird | light foot : book[END_REF]) and finally a simple linear relation is obtained Flin=Fcomp. So the air circuit can be described by a 2 dimentionnal states space representation (2) and a classic digital decoupling structure (3) can be applied [START_REF] Fossard | Non-linear system command[END_REF].
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-where : After the decoupling using Pcath and Fcomp measurements it is sufficient to compensate the oxygen consumed and designing 2 digital controllers (RST on Fig5) to fixe the 2 separated dynamics on Pressure and Flow. The oxygen consumed FO2c is cancelled from Fd and compensated on Fig 5, with -with StO2 the stochiometry coefficient fixed to about 1.6 here, N the number of cell in our fuel cell stack, F Faraday's constant and XO2 the molar flow of oxygen (=21%).
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B. Thermal control loop

Analysing in the same way the thermal circuit, 2 elements can be found acting with outside (the FC itself and a cooling Radiator) this circuit presents also two controlled valves allowing to make an hydraulic short cut of one or both element (by pass) to vary the water mixing in pipe's connections (nodes A and B on 
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-with C=Identity, u=2 valves control, d the disturbance. With input reference temperature Te_ref=70°C and the output reference temperature Ts_ref=80°C to stay near the secure optimal defined working point. More details can be found in [START_REF] Lachaize | Modelling and control of a fuel cell system in transport applications[END_REF]. II. ELECTRICAL TRACTION CHAIN Supercaps are added to the FCS and used as Energy Storage Elements to help the Fuel Cell supplying the power demand and to absorb Energy providing from the load (negative energy during breaking phase). Supercaps are only considered as an equivalent capacitance Csc and a resistance Rsc because each Supercaps stack used have their own control to maintain voltage balance between all the based-capacitances.
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The 2 sources have been designed, so now we must connect them to the DC bus to provide the power demand to the electrical load.

A. Fuel Cell Converter Control

The Fuel Cell can not be designed for 750V and high current so we use the precedent Fuel Cell System with a boost converter. This converter shown on Fig8, is controlled to maintain this voltage constant. The control of this converter is chosen to be in 2 loops composed by : an internal fast current regulation and an external voltage regulation. This choice is directly link to the other converter and the energy management describe after. This element can not absorb energy providing from the load so to not use a breaking resistance (to heat this negative power), Supercaps are used to stock energy and to have a degree of freedom for energy optimisation purpose.

B. Supercaps Converter Control

An other converter structure is defined and here a buck/boost structure (Fig 11) is chosen to have the same behavior as the boost seen before with reversibility in current. We established sampled regulation with an RST regulator (R(z)) these polynomials regulator corresponding to proportional and integrator controller. The current bandwidth is fixed to I=750rd/s to be faster than the buck tension closed loop to avoid oscillation from the 2 sources. The switches are also control by PWM, an adequate model compute the command u1 in buck mode and u2 in boost mode. The current reference is managed by the energy strategy which control not only the power reference but also the current in order to limit the Supercaps voltage (in max and min value) and to control its State Of Charge. Details of the control design can be found in [10] The current reference is calculated in function of the ESS power reference and loses estimation of the chopper. The power reference is calculated by the energy strategy.

We also add to the control of each converter an estimation of their losses due to conduction losses and switching losses. This information can be used latter to adjust our energy management taking into account the different losses in each element. Based on constructor characteristics we can evaluate all losses in Diodes and IGBT, knowing the Fuel Cell behavior and the ohm losses due to the equivalent resistance in the Supercaps Stack efficiency of FCS and SSE is obtained (Fig14). Now, the energy management of the global traction chain can be studied. So all elements have been described and controlled, and an actual power profile measured on an actual tramway by our partner (Alstom) is known. The challenge is to provide the same power as the actual tramway and to maintain all elements within their rating. Using the 2 sources an energy management strategy is applied to absorb all breaking energy and to maintain the Energy Storage Element as high as possible (100%) at the beginning and at the end of the profile. These criterions are suitable for line exploitation.
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The entry data are the power demand and velocity of the tramway, with these profiles the power is decomposed in different fragments called interstations separated by null velocity during about 20s. On each interstation of the profile, the breaking phases are cumulated and the equivalent energy to be absorbed defines the SSE size. We also choose to use the Fuel Cell to deliver the constant auxiliaries power to not have a too big SSE Element and to never stop the FCS. So, the energy management consists in two steps. The first one depending on the profile, determine the superior power limit of the fuel cell to let the storage element fully charged at beginning and end of each interstration, the second step search the two possible references (2 power levels to the 2 sources) to have the minimum consumption of Hydrogen and to manage the State Of Charge (SOC) of Supercaps Stack on the global profile.

A. First step

Algorithm on Fig 15 works with all measurements made on the profile. The maximal negative energy is extracted by isolating the maximum breaking peak. The total energy is computed for this critical interstation to have a first idea of the SSE size.

On each interstation inter_cours (from the beginning to the end of the power profile) the maximal Fuel Cell Power reference Pfcsup is computed to let to the SSE a power reference to be delivered equal to the power absorbed during the considered interstation (null average energy value meaning all breaking energy is recovered for future use). 
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B. Second step

With only this algorithm the superior limit can exceed our fuel cell size and does not achieve a correct management on the global profile. Moreover, to a given power on SSE is a Pmin reference for the Fuel Cell. The only limit Pmin is 43kW due to auxiliaries power which must be always delivered by FC, but Pmin can be adjust higher to change the references to satisfy an other criterion. Fixing Pmin, each time to the minimum only provide a solution using for the traction only a big SSE and never use the FCS. So, an other algorithm is defined on Fig16 to search the optimal value of Pmin, not only to satisfy the power references on the profile but also to minimize the Hydrogen consumption. It is easy to make iterations on Pmin with (Pmin=1kW) from 43kW to 400kW and with losses and models established the SOC and Hydrogen consumption in each cases can be computed. Increasing Pmin change also the supercaps management and State Of Charge must also be tracked. The energy delivered by the fuel cell is not delivered by the storage elements so it must be discharged before to absorb the next breaking energy. Of course we must find a balance and a compromise can be found with regards to criterions. With different Pmin value the following algorithm give on the profile :

-Max Fuel Cell Power requested (max 400kW) -Max energy for the SSE (fixed by minimal SSE size) -Hydrogen consumption (as little as possible) -Maximal power dynamics to be followed (max 300kW/s) -State of charge of SSE (in 0 to 100% limits) If the FC power limit Pfcsup is less than the value Pmin the limit is reached and there is too much energy to be absorbed so a E of energy is stocked. If we found before, another interstation inter_max where Pfcsup power computation is higher than the maximum (400kW) this maximum is decreased to take into account E. If no solution is found the reference is unchanged. If the inter_max exists the power reference is decreased using. State of charge is computed and analysed and finally in the computation on the profile of the necessary energy to be stocked define the size of the Supercaps elements (optimal numbers of Supercaps in series and parallel)

Pmin's values violating the constraints are eliminated to obtain correct references. If more than one solution is found the minimum H2 consumption configuration is chosen. No solution found means any respect of the SOC limitation (that depends on the profile and on the SSE dimension).

On profile with lots of decreasing slops a bigger SSE is requested or a non 100% state of charge must be used (at the beginning or at the end) implying maintenance difficulties.

Pfcsup computation on interstations i Pfcsup<Pmin

Next interstation i=i+1

No Yes We can verify that the power is accurately tracked; the references and the Supercaps size assure a minimal hydrogen consumption of hydrogen. We can also verify during the profile that the Fuel Cell is sufficient; Supercaps are never overloaded or discharged (400kW max on FC and for 3,4kW.h SSE). The DC bus voltage is maintained at 750V and the temperature of the Fuel Cell is about 80°C. IV. CONCLUSIONS Control of the fuel cell system has been presented, the main phenomena provide models for control purpose. The design of controllers fixe different suitable dynamics to follow references. In the same way Supercaps are added and the design of the two converters and their controllers allows to fixe the DC bus voltage and to track accurately the current reference (linked to the power profile).

Pfcsup=Pmin

Each part is verified through simulating the global system using an actual high power load demand from an existing transport application and accurate model of the Fuel Cell behavior. This work shows that we can characterise and adjust the system control for a typical operating load cycle. The separation of the different main phenomena and the bandwidth fixed by our digital controllers allows us to control this complex system. The simulation results show that the system can track the actual load demand, while keeping all subsystems within their ratings, and simultaneously regulating the operating points of the critical elements and the main references are also computed to follow a global energy management.

Works on some observers to avoid difficult or expensive measurements must be made. Tests and real experimental set up start to be build by Alstom. Actually the production of hydrogen is still a problem because it is extracted from mineral oil so, pollution and global efficiency is not sufficient. Hydrogen storage is also a problem and the solution here is to use a big tank with hydrogen under high pressure. Other methods must be investigated and model and behavior can be easily added to our schemes.
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 6 Fig 6. : Thermal model for control purpose Applying only a constant cooling water flow with the pump and establishing the 4 thermal equations we obtain a 4 dimensional state space representation made to describe the 4 temperature's behavior.

  After linearisation and decoupling due to our control scheme Fig 7, the disturbances (Qelec and Tamb) are compensated and 2 RST fixe the thermal dynamics. For both, regulators fixe a T=1rd/s bandwidth. ncell-u(1))*u(2)+rpile*u(2)*u(2
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 77 Fig 7. : Complete control scheme

  Fig 8. : Boost principle schema. With :   mF Cf and mH L 1 , 8 3 , 2 1   The power switch is controlled by PWM with a constant switching frequency Td fd 1  =2K Hz.
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 91 Fig 9. : Voltage and current loopThe L1 and Cf components and the two control loops allow the converter to provide power to the electrical load with a fixed voltage (with only 20V=2.5% allowed variation) and low current ripple (40A). The 2 digital controllers (RST on fig 10) fixe a current bandwidth i=1250rd/s and a tension bandwidth U=50rd/s with respect to the desired performance (Vref=750v) and switching frequency used.S(z -1)

  Fig 11. : Buck/Boost principle schema.With :  F Csc m rsc mF Cf mH L 47 ; 55 ; 3 ; 3 , 2 2     This chopper control is a current regulation to manage power for the charge and discharge of the ESS. The control structure of the buck/boost is given on Fig12.

  Fig 13. : Current regulation implementation.

  Fig 14. : Global traction Chain Model

  Fig 15. : Search for the optimal SSE size algorithm
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 16 Fig 16. : Search for the optimal consumption algorithm

  Fig 18. : SSE reference (with respect to SOC)

  1 , M.Fadel 1 , P.Schott 2 and L.Nicod 3 Model Based Studies of Fuel Cell System for Electrical Rail Transport (375V at the Fuel Cell's exit to provide a maximum 1200A current) we use a Fuel Cell Stack made with N=586 basedcells. That's represents about 1956cm 2 surface used with internal distribution, allowing us to treat only one air and one hydrogen source. The Fuel Cell Stack and auxiliaries are called Fuel Cell System (FCS) and is shown on Fig 2.
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