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I. INTRODUCTION

For few years, hybrid and electrical vehicles have attracted lot of researcher. Due to environmental constraints (pollution, noise…) and to find other solutions to replace thermal engines, embedded fuel cell system seems to be an emergent solution. For mid and high power embedded applications (car, bus, tramway, train…) the Proton Exchange Membrane (PEM) technology is foreseen. This is mainly due to solid membrane not so sensible in transport condition and also because this kind of fuel cell works at mid-temperature easy to use in a transport application and has an easy to control behavior. In fuel cell management auxiliaries are added (pumps, compressor, valves…) to control not only gases supplies (Hydrogen and Oxygen) but also temperature and humidity in such system. Moreover, it is commonly known that the fuel cell design imposes the choice of current density and the mechanical design (pipes and gas distribution, number of cells requested…). So defining a desired pressure in anode and cathode compartment and average temperature allows to safely control the fuel cell. This set of parameters defines the working point to optimize the current production due to a maximal reaction between Oxygen and Hydrogen through the electrolyte.

To manage air used in the cathode compartment a pressure must be fixed and the flow must follow a reference linked to the current that produces the electrical power to the load. The moto-compressor studied here is based on a permanent Magnet Synchronous Machine (PMSM) with an accurate velocity control and the compressor's characteristics driven by this machine is used to obtain a linear controlled behavior. Due to such kind of application using synchronous machine in rough conditions and variable speed a lot of researches try to optimize the design, the control of such drives and mainly to suppress mechanical sensors. Permanent Magnet Synchronous Machine and its inverter is well known and provides a good weight to power ratio and a safe brushless behavior useful in dangerous environment and transport applications. Position or variable speed control is now easy using complex sampled control laws.

The air compartment model is described in II. The dynamics of all elements present in this loop must be modeled and controlled to obtain a constant air pressure what ever the air flow is. Part III presents the drive control and the compressor characteristics. The complete control structures and results are given in IV.

II. FUEL CELL SYSTEM

A. PEMFC design

In case of our tramway application Fig 1 shows the complete Fuel Cell System structure with 3 main loops. * In the Oxygen loop different elements can be found: from atmosphere -a compressor element fixes air flowan air humidifier (blower) fixes 100% air humidity -the Fuel Cell cathode compartment consumes some air -an exit valve fixes 1.5bar absolute pressure and reject air -to atmosphere.

* For Hydrogen loop elements: Hydrogen tank starts the loop and is considered as an infinite hydrogen sourcea passive mechanical pressure reducer is introduced to fix 2bar absolute pressure in this loop -the anodic compartment receives the hydrogen -a valve is added for periodic purge -to atmosphere. * The third loop is thermal loop that is a separated water cooling control circuit constituted with controlled pump and valves to maintain the FC temperature to 80°C. Assumptions to focus our attention in the air loop circuit:

-Thermal control loop is not described here but can be found in [START_REF] Lachaize | Pressure, Flow and Thermal Control of a Fuel Cell System for Electrical Rail Transport[END_REF]. This control is of paramount importance but considered effective here and has no influence in the air loop. -Air blower element is an humidifier and is designed to insure 100% humidity -There are no main phenomena considered in the Hydrogen loop Moreover, the PEMFC is designed for a tramway application. The power demand profile has been chosen to represent one of the more powerful profile used in actual tramway line avoiding specific profile where there is a need of special energy management. The power demand is composed with acceleration and breaking phases linked to the profile slope. So the power profile to be delivered imposes the fuel cell power (Fig 2). The fuel cell design is based on typical PEM polarization curve, the compromise through current density and efficiency indicates to work with :

-Low Pressures : -First, a driven compressor constituting a motocompressor group. This element is made with a speed controlled PMSM drive and a screw type compressor. -After, the air passes through an evapo-condenser to reach a 100% humidity air before entering the cathode compartment. This thermal element uses vapor recuperated from the fuel cell to heat the air and provides humidity. It has been designed in simulation by our partner (CEA) and allows humidifying our air flow without any special dynamics. -Finally, compressor velocity and exit valve control allows having 2 degrees of freedom to control both air Pressure and Flow.
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B. Cathode model.

The following equations (1) describe the variations of the gaseous species concentrations in the cathode compartment considering 100% humid gases [START_REF] Pukrushpan | Modeling and Contol for PEM Fuel Cell Stack System[END_REF], [START_REF] Naso | Evaluation of the overall efficiency of a low pressure proton exchange membrane fuell cell power unit[END_REF]. The balance of oxygen and nitrogen allows us to write the following set of equations:
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Where: The dynamic model of the pressure variation is:
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We can also calculate the partial pressures:
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With 'p' the Laplace operator. And
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: this term is used to have only a single input in the system and to consider Fo2cons as a disturbance easy to be rejected because it is directly linked to the fuel cell current produced Ifc. This nonlinear model is linearized around the nominal point. So we can write :
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So the air flow behavior must be now described. This behavior can not be obtained without taking into account the moto-compressor group dynamics.

III. CONTROLLED COMPRESSOR

Under some little assumptions listed here: -Delays due to gas transport in pipes have been neglected with regard to other greater time constants present in the system. In the same way, no influence of gases initial state in the fuel cell is considered.

-Temperature is supposed fixed by the water cooling circuit.

-Species balance is kept true due to correct 100% gas humidity using a well designed air-blower.

The desired current to be produced provides the air flow reference which must be satisfied by an accurate speed control of the screw compressor associated to it's electrical drive. The air compressor is driven by a Permanent Magnet Synchronous Machine (PMSM) controlled in variable speed because the compressor must provide variable air flow [START_REF] Mekhiche | High-Speed, highpower Density PMSM Drive for Fuel Cell powered HEV Application[END_REF]. The compressor drive is chosen to be a sinusoidal Permanent Magnet Synchronous Machine because such drive is easy to control with well known inverter and control law [START_REF] Vas | Sensorless vector and direct torque control[END_REF]. Permanent magnets avoid external excitation and a constant flux to provide the motor torque. A sinusoidal back emf form has been chosen to have a linear control of the synchronous machine and to be able to establish a control structure to fix a desired closed loop time constant.

A. PMSM Control

To use a synchronous drive in variable speed conditions, there is a need of a special structure with a controlled inverter to obtain a self controlled drive (Fig 4). This structure is well known in electrical engineering and the control strategy is resumed in Fig 5 .   To control a PMSM in such different conditions the converter must feed the machine with a current directly linked to the rotor position. If voltage variation (E+DE) is too high or PMSM parameters are uncertain a robust control may be studied and lot of solution exist and may be studied later if needed. Here, the DC voltage source is supposed to be constant because it can be produced by a controlled rectifier with the fuel cell itself, with storage elements or both. A mechanical sensor is used and provides maintenance and viability problems but to avoid this, an observer can compute an estimation of the rotor position to be used in the control laws [START_REF] Peyras | Robust observer for sensorless control of synchronous drive with uncertain parameters[END_REF] but not presents in this study.

The control principle Fig 5 is to fix the current magnitude in a d and q axis (that fix the torque to the compressor with Iqref and Idref=0) and to increase the current phase variation from 0 to desired speed w ref following the rotor position q. If the current phase follows the PMSM rotor position, the torque is constant whatever the speed is. That constitutes a closed loop controlled scheme build to obtain a first order behavior with a unit gain and a fixed time constant t. The possible performances are linked to the PMSM load (the compressor). So, the compressor behavior must be studied and included in the control scheme.

B. Driven compressor control

The outlet flow is detailed in [START_REF]Compressor efficiency definitions" and " Evaluation of vairex air system technology for automotive fuel cell power systems (fcps)" : from website[END_REF] and is:

v outlet outlet molar Cyl RT P q h p w 2 = ( 4 
)
The volumetric efficiency v h allows us to include several phenomena in the model: The total mechanical clearances between rotor and compressor -Compression rate -Rotor peripheral speed -Flow density

The volumetric efficiency depends on the rotor speed and compressor rate ( Of course the only dynamic described here is the closed loop compressor dynamic (time constant t, which is of course the biggest parameters in the air loop flow) and pressure evolution due to vapor saturation X vap around the nominal point.

IV. IMPLEMENTATION AND RESULTS

A. Moto compressor design

A screw type compressor must be used to avoid oillubrication of the compressor and dangerous elements in an oxygen-hydrogen environment. The compressor is driven with the controlled PMSM so, this drive has a good efficiency, a good power to weight ratio that is important for embedded applications. Using data sheets of constructors [START_REF]Compressor efficiency definitions" and " Evaluation of vairex air system technology for automotive fuel cell power systems (fcps)" : from website[END_REF], [START_REF]Some specific compressor builders[END_REF] and choosing the characteristics able to be used in our Fuel Cell Tramway application (max air flow about 13.91 mol/s). The Permanent Magnet Synchronous Machine characteristics can be found in Table I. The compressor characteristics are listed in Table II and must be found or designed especially. 

B. Discrete controler structure

The system controller is implemented in digital so the state space representation is sampled. The sampling frequency is equal to: Hz fe 166 = to respect correct representation and time constants present in the loops.

The new steady state is:
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In order to create uncoupling of the two states variables we write:
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Where:

d B = D and d A = D 0
With this state feedback the new system is simply:
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To fix the dynamics in a closed loop control scheme and to reject disturbances and little identification errors, 2 RST controllers are added on the 2 state space components and the complete control structure scheme is given on Fig 8:

The RST structures are established as in Fig 9 to manage as accurate as possible the non linearity introduce by the exit limitation. These limitations are due to [0 -100%] opening limit for the valve and maximal possible speed (max PMSM current) reference sent to the motocompressor element.
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that correspond to the transfer function of the saturation element linked in closed loop manner.
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The polynomial regulator coefficients are calculated by pole placement. The characteristic polynomial of the closed loop is:
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We obtain: for flow compressor loop. These bandwidths have been chosen to avoid oscillation and overshoot in the complete controlled system (with current, voltage and power reference control). The flow reference is calculated with the Faradays law: 

C. Simulation Results

The following results have been obtained linking our air control approach to an accurate model of the PEMFC (model of our partner CEA) and the actual power profile from a tramway line measured by our other Partner (Alstom).

All control loops are in action including those presented here to obtain a global controlled fuel cell system and to verify effective control of the air flow. With the road and power profile data the current reference to be sent to the moto-propulsion group (rail -boggy-electrical motors) can be extracted and air flow reference too. Fig 12 shows input and output air pressures. The input pressure is fixed to 1.5 bar abs as requested and exit pressure varies depending on the air flow variation to vary the possible current to follow the power profile. Peaks can be seen and a zoom on input pressure let see errors during the maximum current variation. This phenomenon is not so important and can be explain by the real stoichiometric coefficient computation. In reality it is not maintained constant and the air flow consumed introduce some variation in pressure and flow behavior. When current is produced, air flow consumed increases and due to the polarization curve, the fuel cell voltage decreases.

Fig 13 shows the simulated fuel cell voltage behavior under the tested power profile. The voltage never passes under Unom min = 375V which is one of our design parameters to be able to control this voltage variation to provide a correct current source to the electrical load.

To provide through choppers a constant voltage source to also feed auxiliaries (PMSM, pumps…). So the fuel cell can not be used directly as energy supply to feed the tramway moto-propulsion group. Controlled choppers (CVS) and storage elements (supercaps, flying wheels, battery …) are classically used to obtain a complete traction chain structure only presented in Fig 14 .   The first chopper CVS1 is used to control the fuel cell voltage and a buck electronic structure with a maximal gain equal to 2 is used to provide regulated 700V to the moto-propulsion group whatever the current is. Storage elements and the second chopper CVS2 allows to help the fuel cell to pass over certain local high power profile. The storage element can also stock electrical energy recoverable during braking phases. So a buck/boost structure is defined to have a reversible structure able to manage absorption or current furniture, details are given in [START_REF] Caux | Modelling and Control of a Fuel cell System and storage elements in transport Applications[END_REF], [START_REF] Tekin | Energy optimization of a Fuel Cell Generator : Modelling and experimental results[END_REF]. Such structure allows not only to have a better electrical behavior but also to have an energy management using cooperation with two sources (fuel cell and storage element). The two references delivered to these two elements allow not only to pass all points in the power profile but also to optimize a criterion under all the profile.

The main criterion will be an optimal design of all elements (minimum weight on board…) and hydrogen consumption (little hydrogen tank, little reformer performances requested, low cost consumption…). Energy optimization can be studied now because all controls have been made to let the fuel cell in their own settings and to track all references needed. The problem of hydrogen production is still a problem (produced during oil combustion) and must be taken into account in all 'pollution' and environmental considerations.

V. CONCLUSIONS

The complete model of the air behavior of a PEMFC has been described. The electro-chemical behavior has been briefly exposed to extract a model for control purpose under some common assumptions. The moto-compressor element has been detailed to understand the different control laws used. The screw type compressor is driven with a speed controlled PMSM. This control is obtained with a sinusoidal PMSM driven in current with a PWM inverter. The non linear characteristic of the compressor flow depending on the pressure is used to linearize this element. A pressure and flow control structure has been built in a state space representation. All sampled control laws have been tested with an accurate simulator provided by our partner and has shown correct control of the fuel cell and accurate tracking of the air flow reference what ever the power (current) demand is. Some experimentation may start soon on an actual PEMFC to improve these results.
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 1 Figure 1 : Complete Fuel Cell System

  In Fig 3 air loop' elements are detailed :

  Fin inlet molar flow of the compressor. Fvalve outlet molar flow of the exit valve. Xi molar fraction of i species (i=[O2,N2,Vapor]). FO2c oxygen molar flow consumed by the fuel cell The perfect law gases hypothesis is used to calculate the pressure
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 23 Figure 2 : desired fuel cell power profile

  by manufacturers describes a non linear compressor behavior which can be reversed to obtain a non linear relation from velocity to air flow. Using the inverse compressor characteristics Fcomp -1 in a look-up table and the PMSM equivalent closed loop transfer function the scheme Fig 7 is obtained.
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 475 Figure 4 : Classical PMSM control using PWM inverter and mechanical rotor position sensor
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 6 Figure 6 : Compressor map

  the fuel cell current to produce.There are now 3 digital controllers to control the air compartment of the fuel cell to produce electricity, Fig10-the PMSM RST controller -the 2 RST controllers on the 2 states (P, F)
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 98 Figure 9 : Anti windup RST structure
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  Fig 11 shows the air flow Fcomp following accurately the current so the air flow reference Fref (2 curves merged). In fact in the maximal slop a zoom can indicate a little delay (a dynamical error) mainly due to the sampling period. Better results can not be obtained to be used in real application and errors are not significant.

  Figure 14 : Energy management

Figure 12 :Figure 10 :Figure 11 :

 121011 Figure 12 : Input and output air pressure controlled
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 12 Figure 12 : Input and output air pressure controlled
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