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teaching and research institutions in France or abroad, or from public or private research centers.  

In a first step, we present all auxiliaries present in the fuel cell system which can be controlled to manage the power delivery : not only to follow a desired trajectory given by the conductor but also to maintain a correct working point to not be destructive and to maintain correct efficiency.

In a second step, we detail the state control of pressure and flow after considerations made on compressor and valve control. Studying the cooling-water loop, we control all temperatures and attention is given to saturation and anti windups are added.

Finally, global flow -pressure -temperature simulation have been made with a real power profile and an accurate fuel cell model. Results are good, because electrical behaviour (tension and power) are well established, pressure and temperature are closed to the desired ones.

The use of fuel cells is now envisaged to supply electric energy in high power rail transport applications. Mainly due to pollution restriction there is a growing interest in using this solution in transport applications and particularly since few years [1], [8], [9]. Alstom-Transport starts a project to build a high power electrical train using PEM Fuel Cell and Energy Storage Elements to feed its engines. The collaboration with the CEA (French Atomic Energy Centre) allows us to work with an accurate model of the fuel cell chemical and electrical behaviour. So, we realise here a complete study to control the structure of the fuel cell system through its actuators to deliver desired power to the electric train.

There is of course, different kind of fuel cells depending on the working temperature they work and technology used to separate electrons from protons. In our application we choose to use Proton Exchange Membrane (PEM) Fuel Cell which starts to be well known in little power applications and seems to be suitable for embedded systems. So, this choose determine some important values which must be constrained to be constant (or nearly) by construction or by control.

In a first step, we present the fuel cell system (chapter II) and its auxiliaries used to design the fuel cell system controllers. Then we explain the control strategy of these auxiliaries (chapter III), for pressure, flow and temperature control with regards to chemical and electrical behaviour. In a second step (chapter IV) we detail the global results using structures and controllers according to the properties needed.

II.

FUEL CELL SYSTEM.

Here, we must work at low-pressure and middle temperature :

-Temperature : 80°C -Air Pressure : 1.5 bars -Hydrogen Pressure : 2 bars Due to the power needed in our high power electric train application project, one cell is not sufficient and to obtain the 450 kW nominal power, 375 V at the fuel cell's exit, to provide a maximum 1200 A current, we use a Fuel Cell Stack made with N=586 based-cells representing about 2044 cm 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). We must notice at this time that the fuel cell is not reversible in current so, we add Energy Storage Elements (not studied here) to provide or to absorb energy depending on the road profile (power requested).

The fuel cell system is composed by the fuel cell core associated with all necessary auxiliaries for an embedded system. Core's model consists in writing the variations of the species concentrations in each compartment (anode/cathode). After this step we can compute the voltage variation of the fuel cell [1],[7] because a fuel cell is not a constant voltage source and depends on current consumption linked to air and hydrogen pressure, flow and temperature. In reality, around the Fuel Cell Stack we find three loops representing the circulation of the three most important gases (air and hydrogen) and liquid (water) and the loops are quiet separable.

Hydrogen loop

We can see on Fig1, on the right, the Hydrogen loop from the Hydrogen tank under pressure to a purge rejecting gases in atmosphere. This purge exists because some gases (N 2 , vapour of H 2 O) diffuse through the fuel cell membrane and must be rejected. In fact, due to accumulation of gas the exchange area is reduced and is cleared by purge. Mechanical valve provides the 2 bar pressure and the tank is still considered as a H 2 source so there is no need of special model or control in this loop.

Air loop

Air loop starts of course, with a compressor to increase air pressure from atmosphere to 1.5 bar and controlled to insure the desired air flow to feed the fuel cell. Pressure regulation's valve is added and controlled too. Water recuperation is foreseen but actually, excess water is rejected. The damping air blower is a passive element build to remain air sufficiently humid. We must study the air supply process to obtain the dynamics of the voltage developed by the fuel cell. The air supply system of the fuel cell is composed by a screw type compressor. We choose this type of compressor to avoid flow oscillations and lubrication. The rotation is made by a synchronous drive with permanent magnets. Because, we work here on a low-pressure fuel cell system the outlet flow is detailed in [3]. The volumetric efficiency depends on the rotor speed and compressor rate ( So, controlling air flow means providing F comp (flow of the compressor) to a desired value F lin whatever the motor or compressor load is. That's why, before doing such control, we must used the compressor characteristic in a first linearizing control loop.

From Fig2, we can build a structure, to write the evolution law of the ideal compressing flow. We place upstream speed reference an inverse model of the compressor in order to have a linear relation between the variable of entry F lin and the flow of the compressor F comp .

The inverse compressor can be stored in maps easy to use in Matlab or with processor. The synchronous engine and its controller are equivalent to a first order system (with unit gain and time constant £ =0.5s). So the exit flow of the compressor is represented by:
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Control of air pressure P cath is possible with the valve control. The valve model and control are not present in this paper because it is very classical. Therefore, the model of the fuel cell air system results in a two states model [5] where:
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NB : In this model the pressure is in bar (coefficient 10 -5 ).

The system controller is implemented in digital so we numerized the steady state, with sampling frequency equal to Hz fd 100 ' . The new steady state is:
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In order to create liner uncoupling of the two states variables we write the control law as :
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Where: After the system uncoupling, we implement RST regulators in order to control the two variables with possible different dynamics. The flow reference is calculated with the Faradays law :
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With St O2 the instantaneous oxygen excess ratio defined by:
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The RST regulator structure is: In closed loop we obtain :
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Where:
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The polynomial regulator coefficients are calculated by the pole placement. The characteristic polynomial of the closed loop is chosen to be : 
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Cooling loop

The last, but not the less important, is the water loop used to control the fuel cell's temperature. The coolingwater loop can be separated in 4 blocs corresponding to the evolution of the 4 most important elements (chosen to be our 4 state variables). In fact, there is 2 thermal elements (thermal representation of radiator and Fuel Cell Stack) but also 2 nodes (dashed lines on the following scheme Fig6 ---) to connect circuits together and to mixed different water temperatures with a specific dynamic at these connecting points. We can immediately identify 2 control entries (Fby_pile, Fby_radia) and 2 disturbances (Qelec, Tamb).

Hypothesis.

# Uniform temperature repartition in all elements in fuel cell stack and in radiator. Using the water circuit and hypothesis we must write the state equations to establish a control scheme to maintain the temperatures near the working point whatever the power request is. The state model presents an affine-linear system which can easily be numerized without important non linear method. So, a classic uncoupling state feedback can be made to control the 2 most important temperatures (Te=input T° and Ts=output T°) of the cooling circuit of the FCS because temperature's core is fixed to 80°C and $ T= Ts-Te can not be higher than 10°C to avoid destruction.

Noting that the flow are linked in this loop to the following equations in normal circulation:
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On the 4 significant exchange zones we can write: NB : At each nodes, thermal dynamic is fixed by water mass presents and calorific capacitance.

*
Choosing the state vector composed with the 4 main temperatures. We obtain the following system representation:
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Of course : the constant A matrix has non null non diagonal components meaning coupling trough variables. C extract from 'x' the 2 controlled temperatures. The B matrix is not constant and depends on the state variables but without a high degree of non linearity (only constant multiplied by the state) so a simple discretization approach can be used. In the thermal system the most important dynamics is about 18 rad/s this the dynamics of the node before the radiator, so, to assure a correct sampling we choose We can choose Hz fd 100 which is the same frequency ever used for the control of flow and pressure of the cathode compartment presented before. If entries are constants in the sampled interval Td, the discretization of the state dynamics can be written as follow and approached by : We suppose that for the working point, the system is controllable and observable and we must assure If we can realise the input/output linear uncoupling of the system using the same scheme as in chapter II, that means each new entries can be driven and the recurrent relation is only a unit delay (Fig 7) which can be finally controlled with standard RST structure. Here we have simple non linearity so, we can build the following matrixes (1 32 41 0 ) able to make the uncoupling :
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always exists if input and output temperatures are different. This is a sufficient and necessary condition to linearized the system with the control law :
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So, the only problem is at the starting point where :

Te=Ts=Te_radia=Ts_radia=Tamb

That's why we introduce 12 10 .
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in equations to solve the problem. There is no consequence because in every case we start with fully open flow to warm the fuel cell core and water temperature changes naturally. Analysing the eigen values corresponding to the non controlled temperatures we verify they are also stable. Digital correctors (RST) must be added on the two new entries to fix the corresponding dynamics and to introduce an integration function providing accurate tracking in closed loop. We choose R and S to fix a second order desired dynamic with an additional integration. After some simulation we define the closed loop bandwidth of the two temperatures and we choose it to be equal to :

s rad Ts / 1 ¡ ¢ and s rad Te / 1 ¡ ¢
Of course, anti windup structure is foreseen to manage accurately the temperatures limited at the minimum by the room temperature (no possible freezing here) and limited in the maximum value (max correct temperature 80°C+Dep on entry and 70°C+Dep on exit) to avoid too big overshoot, to not destroy the fuel cell core or other. The saturation represents the temperature bandwidth fixed to a right behaviour.

All the system presented before consider ideal valves which, in reality, add their own dynamics and saturation (when they are totally closed or opened). So we must control accurately the valves to reach this 'ideal' behaviour. Based on a valve's model we also add a digital valve controller to fix a high dynamics (10 times higher) allowing a correct approximation and no influence an the precedent scheme. We did not present here this model and control because it is classical.

IV. GLOBAL SIMULATION.

We use a repetition of a 54s cycle of one of the most varying power profile extracted from a real train on a real Greek line (Eskisehir) and we verify if all behaviours are respected and if there is no problem with thermal cycle. We show on the following curves the power requested by the conductor and delivered by the fuel cell ( NB : For this simulation starting temperatures have been initialized to 65°C only to decrease simulation time and to quickly reach the 80°C desired.

Fig 13 :

The output fuel cell temperature is maintained to the desired 353.15°K (80°C) despite the power variation this temperature is quiet constant. Little overshoot at the maximum power variation time are less than 1°C fixed by the proper working of the system and controlled by our scheme. The input fuel cell temperature after transitional variation, reach 343.15°K (70°C). Here overshoot is also limited to 1°C corresponding to our constraints.

* Up and down variation just before the steady state temperature is only due to the flow dynamics before and can be avoided by changing this dynamic or introducing more water mass in the connecting node in the water circuit, that's mean introduce a slower dynamics with only bigger pipes for example. 

CONCLUSIONS.

After that work, we have build a global simulator on Matlab/Simulink in order to see if the voltage and current variables are well controlled and if the control structures can realised the energy strategy management [6], [11]. Now, we can conclude that the voltage and the current in the power train are well controlled because the management of energy is realised and safety of fuel cell and supercaps are obtained.

In addition the control of a high power train with fuel cell must have a global strategy management to control the power reference of each sub-systems. In this way we can have an optimal management which reduces the consumption or increases the global efficiency. This correct quasi-static model seems to be sufficient but we are working on a simplified model for future complete study of the fuel cell electric train.
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  Fig 1. : Fuel cell system.

  Fig 2. : Synchronous machine and compressor.

  Fig 3. : Uncoupling principle

Fig 5 .

 5 Fig 5. : Pressure and flow regulator : RST and anti windup.

  Fig 6. : Water cooling loop's elements
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  Non important increase of room temperature (T amb =Cte).#Pipes are thermally isolated.#Exit gas and liquid thermal dissipation are neglected.#Pump is controlled to have constant flow circulation (F pompe =Cte).

  Fig 7. : Equivalent system in closed loop
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 8 Fig 8. : Complete control scheme
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 10 Fig 9. : Real power delivered by the controlled fuel cell system quiet closed to power desired.
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 15 Fig 15. : Global scheme of the train.

  [ 9 ] L.Solero, A.Di Napoli, F.Crescimbini, G.Pede, M.Pasquali, G.Lo Bianco: "Fuel cell HEV's assisted by ultracapacitor and battery storage system", proceedings of FISITA 2001 World Automotive Congress -Helsinki, Finland -June 2B.J.Arnet, L.P.Haines: "High Power DC-to-DC Converter For Supercapacitors", proceedings of IEMDC 2001 -Boston, Massachusetts.

Table I :

 I numerical values of the thermal model

	Parameter				Value
	Flow of water pump : Fpompe	18 kg/s
	Water thermal capacitance: eau Cp	4187.78 J/Kg/K
	Plates thermal capacitance : plaque Cp	200 J/Kg/K
	Mass of pile : pile M	4791.14 Kg
	Mass of water in pile :	M	eau	_	pile	5.86 Kg
	Base cell's voltage : 0 E	1.48 V
	Pile resistance : rpile	0.01
	T Room temperature : amb Pile exchange coefficient : ext h	K ¡ 10 W/m 2 /K 15 . 293
	Exchange surface : ext S	8.89 m 2
	Metal thermal capacitance : metal Cp	500 J/Kg/K
	Mass of pile metal M	1020.5 Kg
	Mass of pile	M	eau	_	radia	10 Kg
	Radiator exchange coef. : radia h	200 W/m 2 /K
	Exchange surface : radia S	65 m 2
	radiator water mass : e m	1.1 kg
	Water mass at nodes : noeud m	1 kg
	III. FUEL CELL AUXILIARIES.

for the Fuel Cell stack

  

					0 1 dt s dT pile MCp	elec 4 Q	ref 3 Cp	F	pile	( T e	) 2 s T	(5)
												ext h 3	S	ext	( T amb	) 2 s T
	With :																							
	5				6																						
	MCp	pile	8			M	plaque	Cp .	plaque	7	M	eau	_	pile	Cp .	eau
	Q	elec	(	t	)	( A	E	0	*	N	Upile @	(	t	))	*	Ipac	(	t	)	r 9	pile	*	Ipac	(	t	)	2
	h ext : exchange coefficient for Cells
	* for the radiator															D
	B C s dT radia MCp	_ dt radia	ref Cp F		radia F	_ D radia e T (	s T	_	radia	)	(6)
										radia h E	S	radia	( T amb	s T	_	radia	)
	With : G MCp	H	radia			M	metal	Cp .	metal	M	eau	radia	Cp .	eau