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This paper studies the replacement of engine and generator as range extender in a hybrid racing car with a fuel cell system. A model of the original system of the car using range extender consisting of an internal combustion engine and electric generator has been developed respecting the action-reaction principle used by energetic macroscopic representation (EMR) and its inversion based control (IBC) to organise its subsystems interconnection according to the physical causality. Results from drive tests of the real car on racing circuit are used to validate the model. The objective of this paper is to study the parameterisation and the integration of fuel cell stack components based on this model. First diagnosis on applicability of a control strategy as well as the improvements that can be effected by implementing a fuel cell system can be obtained using this model.

Introduction

Environmental concerns have imposed a reduction of greenhouse gas emissions and energy consumption limitation to ensure a stable energy supply. This has led to a rapid development of alternative fuels and propulsion systems. Among all alternative driving systems, the fuel cell (FC) electric propulsion system has the highest potential to compete with the internal combustion engine [START_REF] Eriksson | Optimization and integration of hybrid renewable energy hydrogen fuel cell energy systems -a critical review[END_REF][START_REF] El | Effect of process parameters on the dynamic behavior of polymer electrolyte membrane fuel cells for electric vehicle applications[END_REF][START_REF] Su | A survey on the electrification of transportation in a smart grid environment[END_REF].

The fuel cell is one of the most promising converters able to use renewable energy. As it can use hydrogen from renewable sources, it can be considered as green power converter. Fuel cell systems have low emissions of nitrogen oxides and sulfur and at the same time they can operate at a very low noise level. In addition, they can provide energy in a controlled way with higher efficiency than a conventional power plant [START_REF] Wena | Hybrid-mode interleaved boost converter design for fuel cell electric vehicles[END_REF][START_REF] Ezzat | Development , analysis and assessment of a fuel cell and solar photovoltaic system powered vehicle[END_REF][START_REF] Bizon | Efficient energy control strategies for a standalone renewable/fuel cell hybrid power source[END_REF].

Among the different existing technologies of fuel cells, the Proton Exchange Membrane (PEM) can be considered a good alternative for use in electric or hybrid vehicles in which high specific power and rapid start-up at different temperatures have a significant importance [START_REF] Wena | Hybrid-mode interleaved boost converter design for fuel cell electric vehicles[END_REF][START_REF] Ezzat | Development , analysis and assessment of a fuel cell and solar photovoltaic system powered vehicle[END_REF][START_REF] Pei | Main factors affecting the lifetime of Proton Exchange Membrane fuel cells in vehicle applications: a review[END_REF].

Recent development of fuel cell systems allows a significant reduction of weight and production price of the fuel cell stack and subsystems [START_REF] Nojavan | Performance improvement of a battery / PV / fuel cell / grid hybrid energy system considering load uncertainty modeling using IGDT[END_REF][START_REF] Brouwer | Fulfilling the electricity demand of electric vehicles in the long term future: an evaluation of centralized and decentralized power supply systems[END_REF][START_REF] Bizon | Energy efficiency for the multiport power converters architectures of series and parallel hybrid power source type used in plug-in/V2G fuel cell vehicles[END_REF][START_REF] Rouhani | A comprehensive method for optimum sizing of hybrid energy systems using intelligence evolutionary algorithms[END_REF]. Fuel cell hybridisation with battery or supercapacitors enables reduction of the FC stack rated power and offers the possibility to meet power demand with a smaller battery pack or supercapacitors [START_REF] Pianese | Simultaneous optimization of for simultaneous optimization of simultaneous optimization of fuel cell simultaneous optimization of fuel cell hybrid vehicles design and energy management fuel cell hybrid vehicles management[END_REF][START_REF] Pedram | Ant Colony Optimization Applied to Optimal Energy Management of Fuel Cell Hybrid Electric Vehicle[END_REF]. Moreover, hybridisation can avoid oxygen starvation and improve transient response due to a relatively slow dynamics of fuel cell stack and fuel cell ageing [START_REF] Pei | Main factors affecting the lifetime of Proton Exchange Membrane fuel cells in vehicle applications: a review[END_REF][START_REF] Tani | DC/DC and DC/AC converters control for hybrid electric vehicles energy management-ultracapacitors and fuel cell[END_REF].

A proper control strategy allows the fuel cell to have stable operation and the battery and or supercapacitor to recover a maximum of energy from regenerative braking that can improve the hydrogen economy [START_REF] Nojavan | Performance improvement of a battery / PV / fuel cell / grid hybrid energy system considering load uncertainty modeling using IGDT[END_REF][START_REF] Hu | Multi-objective energy management optimization and parameter sizing for proton exchange membrane hybrid fuel cell vehicles[END_REF][START_REF] Pei | Main factors affecting the lifetime of Proton Exchange Membrane fuel cells in vehicle applications: a review[END_REF].

The application of fuel cell systems in a vehicle is especially attractive in sectors like freight and public transport because they need limited refuelling infrastructure and hydrogen storage place seems available [START_REF] Xu | Near-term analysis of a roll-out strategy to introduce fuel cell vehicles and hydrogen stations in Shenzhen China[END_REF][START_REF] Tribioli | Energy management of a plug-in fuel cell / battery hybrid vehicle with on-board fuel processing[END_REF][START_REF] Haddad | Simulation modelling practice and theory nonlinear time-variant model of the PEM type fuel cell for automotive applications[END_REF]. For a race car application, refuelling of hydrogen can be foreseen within the circuit infrastructure and there will be room for the tanks in a single pilot vehicle.

Energetic macroscopic representation (EMR) is a causal approach for dynamic simulation, with the goal to develop control structures based on a separation of complex multi-physics systems into sub-blocks [START_REF] Serge | Reverse engineering of a railcar prototype via energetic macroscopic representation approach Low Heating value[END_REF]. The control structure is develop by a blockwise inversion of the system representation, where integral blocks and split or connection blocks require the most attention [START_REF] Allgre | Flexible real-time control of a hybrid energy storage system for electric vehicles[END_REF]. This methodology has been used successfully to build model and control of a fuel cell stack system and an electric vehicle traction system [START_REF] Serge | Reverse engineering of a railcar prototype via energetic macroscopic representation approach Low Heating value[END_REF][START_REF] Cheng | Global modeling and control strategy simulation[END_REF][START_REF] Chen | Global modeling of different vehicles[END_REF].

This paper presents the replacement of an engine and generator (EG) range extender by a fuel cell range extender in a racing car called Noao. The verified EMR model of the original system of this car becomes a reference to develop the EMR model of the new architecture. In the first step, the same control strategy used in the original system is used to see the resulting operation using fuel cell for this type of application. Driving cycles deduced from drive tests of this car are used to analyse potentials of fuel cell integration in this system. This work is presented as follows: the EMR model of reference car is described in the next section, followed by the dimensioning of the fuel cell. Thereafter, results are presented and discussed. Section 5 focuses on the improvements that can be obtained using a fuel cell system instead of an internal combustion engine, before a presentation of conclusion and perspectives in the final section.

EMR model

Vehicle parameters

The Noao is a series hybrid electric racing car system developed by the "Association des enterprises Pole de la Performance Magny Cours" (Noao, 2014;Pistes et pilotage, 2014). In its original version, it is equipped with a range extender consisting of a three cylinder direct-injection 1.0 l gasoline internal combustion engine (ICE) of 50.0 kW nominal power coupled to a 54.0 kW permanent magnet synchronous generator and the hybridisation is ensured using a 23.0 Ah lithium-ion battery pack. It uses the parameters presented in Table 1.

The ICE based range extender will be replaced by a PEM fuel cell system in order to build a cleaner system and improve efficiency of the car. The vehicle original architecture is shown in Figure 1. The modified fuel cell/battery vehicle architecture is presented in Figure 2. Unlike the ICE/battery series hybrid system, which requires a permanent magnet synchronous generator to convert mechanical power from the ICE into electric power, the new design can deliver electric power directly to the power converter and reduces thus power losses due to power conversion.

Figure 3 shows the driving cycle of the system and the intended limits of the prime mover in terms of the torque request and the power request. As can be observed in Figures 4 and5, the traction part of the systems is similar. However, from the battery down to the secondary energy source i.e., the charging part, the AC/DC rectifier will be replaced by a DC/DC converter and the fuel cell stack is simply taken as the charging source replacing the combined EG. The power supplied by the range extender is used to assist the propulsion or to recharge the battery.

Traction part

The car environment becomes the mechanical source (MS) that yields the resistance forces F res of the car. The force to accelerate the vehicle and the rotating parts inside the vehicle is equal to the available driving force F d generated by the prime mover to overcome F res (1), with V car the vehicle velocity. On the right side of the equation, F a is the aerodynamic force, F r is the friction force, and F g is the climbing force due to road slope.

M v d dt V car = F d -F res = F d -(F a + F r + F g ) (1) 
M v = m v -m EG + m F C (2)
Note that M v is the total mass of the vehicle (2), m v is the mass of the actual vehicle and the fuel cell system weight m F C depends on the selected maximum power of the fuel cell which will be used for the retrofit solution. The engine and generator weight, m EG is directly proportional to its maximum power. The proportional factor is 2.0 kg kW -1 according to [START_REF] Sorrentino | An integrated mathematical tool aimed at developing highly performing and cost-effective fuel cell hybrid vehicles[END_REF]. Energetic macroscopic representation of the car system and its control scheme in the original system with engine and generator as the range extender 
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The initial model has been validated through experiments performed at the Nevers Magny Cours Grand Prix Racing Circuit as depicted in Figure 3 for the traction part. For this driving schedule MC1, the maximum velocity is 42 m s -1 for a maximum prime mover power of 82 kW. Details of the circuit and profile of the road elevation in function of the distance can be found on the circuit website (Pistes et pilotage, 2014). Three driving cycles will be used in this study (Figure 6), the first driving cycle MC1 and the second driving cycle MC2 are conducted at the same Grand Prix circuit but with a higher given power for MC2. The third driving cycle, MCsp is a driving schedule obtained from drive test conducted at a smaller circuit at Magny Cours site. 

Inverter and converter model

A three phase inverter is used to drive the traction motor. It can be described by a simplified approach including a modulation vector m inv (3) defined from the switching functions [START_REF] Delarue | Generic control method of multileg voltage-sourceconverters for fast practical implementation[END_REF][START_REF] Bouscayrol | Hardware-in-theloop simulation of electric vehicle traction systems using energetic macroscopic representation[END_REF]. This vector yields the output amplitude of inverter voltage u inv in function of the input amplitude of the battery voltage V bat , but m inv will need to be transposed to m t inv for the currents (4). Inverter current i inv is in function of the electric motor current i EM .

u inv = m inv V bat (3) i inv = m t inv i EM (4) 
A power converter is used to convert the FC energy output to the DC bus. In the original system, a three-phase full bridge controllable rectifier is used to adapt the output voltage to the bus voltage. In the new system, the DC/DC power converter that transfers the fuel cell power to the DC bus will have the same voltage level as the rectifier. The amplitude of the output i.e., converter voltage u conv and converter current i conv will be a function of the input amplitude and scalar modulation m conv (5) and ( 6).

u conv = m conv V bat (5) i conv = m conv i F C (6)
6

Lithium-ion battery model

The battery is considered as an electrical source for the traction part and is assumed to be the equivalent electrical source (ESeq) to the charge part [START_REF] Lhomme | Simulation of a series hybrid electric vehicle based on energetic macroscopic representation[END_REF]. Thus, the battery current i bat is considered as the total current entering or exiting the battery by inverter i inv and converter i conv (7).

In this model, this DC source will be based on battery state of charge (SOC) and internal resistance R (Ω) changes in function of SOC and its charge or discharge mode. Then, the battery can be described by a simple approach based on the battery current i bat A, thereafter the cell voltage V bat V can be obtained by the open cell voltage V OC (8).

Finally the SOC can be evaluated based on the power flow entering and exiting the battery and its capacity C t (Wh) as presented in equation ( 9). Like many other modelling methodologies such as Power Oriented Graphs, Bond Graphs, and Bond Diagrams, EMR methodology allows an upgrade of dedicated sub-models, like the battery model, without the need to change the rest of the model.

i bat = i inv -i conv (7) V bat = V OC -R • i bat (8) SOC = SOC initial - ∫ i bat • V bat C t (9)

Fuel cell stack model

For vehicle applications, the polymer electrolyte membrane (PEM) fuel cell, which operates at low temperatures is the most attractive option [START_REF] Amrhein | Dynamic simulation for analysis of hybrid electric vehicle system and subsystem interactions, including power electronics[END_REF][START_REF] Wu | Optimization of fuel cell and supercapacitor for fuel-cell electric vehicles[END_REF][START_REF] Ravey | Energy-source-sizing methodology for hybrid fuel cell vehicles based on statistical description of driving cycles[END_REF][START_REF] Feroldi | Energy management strategies based on efficiency map for fuel cell hybrid vehicles[END_REF]. In this system, the membrane works both as a gas separator and electrolyte. This allows the hydrogen fuel side to react with the oxidiser (oxygen-air) in a controlled manner and to produce power at the electrodes, through the mediation of immobilised electro-catalysts bonded to the membrane. This membrane-electrode assembly is referred to by the acronym MEA. Each MEA is interconnected via a bipolar plate which performs several functions including gas distribution, heat dissipation and electrode current collection [START_REF] Feroldi | Energy management strategies based on efficiency map for fuel cell hybrid vehicles[END_REF]. Furthermore, multiple single cells are connected in series to form stacks with higher voltage outputs. Those stacks can provide a part of the energy needed by the vehicle through its controller.

The fuel cell chosen for the design is the proton exchange membrane (PEM) fuel cell that operates at 80 • C [START_REF] Blunier | Piles a Combustible[END_REF]. As a design starting point, the fuel cell maximum power is set at 50 kW. In automobile application, the weight to power ratio of fuel cell system varies from 1 kg kW -1 (Technologies GENEPAC de PSA Peugeot Citroen, 2013) to 3.7 kg kW -1 [START_REF] Sorrentino | An integrated mathematical tool aimed at developing highly performing and cost-effective fuel cell hybrid vehicles[END_REF]. Therefore, in this study the mass of the vehicle is kept the same as in the original system. Which means that in order to obtain a similar required power, the mass of the fuel cell stack is equal to the replaced EG assembly with a weight to power ratio of 2 kg kW -1 .

The fuel cell stack voltage V F C (V) is obtained by equation ( 10), where V f c is the voltage at each cell. For a given type of cell, the resistance R f c (Ω) is constant at a constant current operating conditions as well as specific pressure, temperature, and humidity. The variable V 0 (V) represents the open circuit voltage, or the voltage at which the linearised curve intersects the abscissa at i f c (A), the normalised voltage at no-current state. From Figure 7 at i f c = 0, V f c is at 120 V, but the intended value is actually at 105 V. The active surface per cell A f c is 0.137 m 2 . And the number of cells N cell needed to form the fuel cell stack is 120 cells.

V F C = N cell V f c = N cell (V 0 -R f c A f c i F C ) (10)
The nominal voltage of the fuel cell stack is 65 V at maximum power. This is shown in the polarisation curve, Figure 7. As a retrofit solution for the given application, the fuel cell replaces the EG and acts as power assist to help the battery deliver propulsion power.

i F C = ṁH2 2F M H2 N cell (11) 
The current i F C (A) is deduced from the reference hydrogen mass ṁH2 in kg s -1 calculated through charge management (CM) of the system (11), with M H2 (kg mol -1 ) is the hydrogen mass molar and F (C mol -1 ) the Faraday constant. 

Inversion based control

Using IBC method, each EMR element of the tuning chain is inversed to deduce the control chain [START_REF] Lhomme | Simulation of a series hybrid electric vehicle based on energetic macroscopic representation[END_REF][START_REF] Chen | Energetic macroscopic representation and inversion based control: Application to an electric vehicle with an electrical differential[END_REF]. The converter blocks can be simply inverted but an input criterion is required for inversion of the coupling devices [START_REF] Bouscayrol | Hardware-in-theloop simulation of electric vehicle traction systems using energetic macroscopic representation[END_REF]. Elements described by integral relationship such as the chassis (12), the electric motor accumulator, and the shaft require a controller C to invert them.

F d_ref = C[V car_ref -V car ] + F res (12)
The continuous modulation functions m require measurement of the battery voltage V bat (13), ( 14), and are converted to discrete variables using a pulse width modulation (PWM) in order to define commutation sequences of the switches [START_REF] Delarue | Generic control method of multileg voltage-sourceconverters for fast practical implementation[END_REF][START_REF] Bouscayrol | Hardware-in-theloop simulation of electric vehicle traction systems using energetic macroscopic representation[END_REF].

m inv = u inv_ref V bat (13) m conv = u conv_ref V bat (14)
The inversion of the other components like transmission, wheel, and electric motor have been discussed in [START_REF] Lhomme | Simulation of a series hybrid electric vehicle based on energetic macroscopic representation[END_REF], [START_REF] Chen | Energetic macroscopic representation and inversion based control: Application to an electric vehicle with an electrical differential[END_REF], [START_REF] Chen | Global modeling of different vehicles[END_REF] and [START_REF] Chan | Electric, hybrid, and fuel-cell vehicles: architectures and modeling[END_REF]. The control of the wheel during braking depends on the regenerative braking system limits. The electric motor is controlled by field oriented control (FOC) method and needs measurement of the reference rotor position θ ref .

Charge management

In order to minimise activation loss and increase current limit for the same voltage the fuel cell is supposed to be heated to its operating temperature of 80 • C before the start of each race [START_REF] Andreasen | Directly connected series coupled HTPEM fuel cell stacks to a Li-ion battery DC bus for a fuel cell electrical vehicle[END_REF][START_REF] Feroldi | PEM Fuel Cells with Bio-Ethanol Processor Systems[END_REF][START_REF] Blunier | Piles a Combustible[END_REF]. At the same time, battery initial SOC is fixed at 0.9 and is expected to deplete until final SOC of 0.3 after a number of laps at the end of race. Fuel cells have the best efficiency at partial load [START_REF] Feroldi | PEM Fuel Cells with Bio-Ethanol Processor Systems[END_REF]. The aim of the control strategy is to distribute power so that the system operates within its safe limit with regard to currents and voltages and comply to the imposed race limits.

Due to its limited cycling capability, the fuel cell is less solicited during transient operations [START_REF] Chan | Electric, hybrid, and fuel-cell vehicles: architectures and modeling[END_REF][START_REF] Tani | DC/DC and DC/AC converters control for hybrid electric vehicles energy management-ultracapacitors and fuel cell[END_REF] and during a race the fuel cell will be put preferentially in nominal condition to avoid start-up and cycling problems [START_REF] Torreglosa | Predictive control for the energy management of a fuel cell-battery-supercapacitor tramway[END_REF].

The charging part of the system considers the traction power needed at the wheel and the estimated battery SOC as parameters to determine the reference recharging power for the range extender whose rules are implemented via lookup tables. Like in its original system in Figure 4, the same parameter of torque request measured at the electric motor T EM , SOC, and V car are taken as the input of the fuel cell charge management.

The energy management method used in the original car is a rule based control strategy, chosen because of its simplicity and its large utilisation in demonstrator vehicles. It is a heuristic method and the determination of its parameter thresholds are based on observation of the requested power.

Using these thresholds, the range extender has to supply 40 kW during traction and down to 20 kW whenever it is in regenerative braking mode. The SOC is used to weight the converter voltage reference u conv_ref in order to supply a constant power if the battery voltage changes due to evolution of the battery charge.

In the real car, this system needs more parameters than the three parameters presented for the charge management. Parameters like temperatures and values of the components limits are taken into consideration for the supervisory control. The development of the model is not only necessary to parameterise the fuel cell system, but also to design the supervisory control of the new system based on the first diagnostic obtained using this model.

Results and discussions

The simulation results for the three driving cycles for the voltage of the fuel cell are shown in Figure 8 and its operation points distribution on the polarisation curve is given in Figure 7. The fuel cell respects the voltage limits and operates mostly around 75 V for all three driving cycles. The power generated by the fuel cell P F C compared to the reference power P ref and the FC output power P F Cout is presented in Figure 9 showing up to 76 kW P F C for a 40 kW P F Cout . The fuel cell stack includes conversion losses (heat losses and losses due to compressor utilisation), thus causing a big difference between the hydrogen power and the power produced at the power converter.

The SOC evolutions are presented in Figure 10 with initial SOC of 0.54. SOC depletion MC1 EG belongs to the original system with EG. MC1 is about four laps of the Magny Cours racing circuit and is only a part of an entire race. For virtually the same expected SOC depletion for this racing car, the fuel cell hybrid can complete 26 laps, an extra of 10 laps compared to the original system with only 16 laps representing a 72.20 km autonomy.

Comparison of results between the system with the engine and generator and the system with the fuel cell are documented in Table 2. The MC2 has the highest velocity thus a highest energy consumption, while MCsp consumes the lowest energy. This is not only due to the duration of the driving schedule, but also because of the consumption rate (Figure 10) as revealed by the value of the final SOC. 15) and ( 16) are used to determine the efficiency of the system. The lower heating value of gasoline, LHV f is assumed to be 44 MJkg -1 for fuel and 120 MJkg -1 for hydrogen [START_REF] Feroldi | PEM Fuel Cells with Bio-Ethanol Processor Systems[END_REF]. Consequently, the hybridisation with fuel cell is proven to be more energy efficient. Based on simulation, the efficiencies of the EG based system are less than 32% whereas the efficiencies for the fuel cell based system are more than 49% depending on the driving cycles.

η sysEG = ∫ E drive ∫ E bat + m f LHV f (15) η sysF C = ∫ E drive ∫ E bat + m H2 LHV H2 (16) 
The system efficiency is better when the system uses more energy from the battery. However, this will cause a shorter autonomy for the intended SOC evolution from 0.9 to 0.3. Moreover, the improvement of the driving range is less for the MC2 if the system range extender is changed to fuel cell.

Maybe, this is also because the defined control strategy is only optimised for the MC1 driving cycle, which makes it suitable for this driving profile and less for the other driving cycles in terms of consumption, efficiency, and autonomy. If possible, in some control strategies the control parameters are adapted to the type of a driving cycle or just on a specific driving cycle to ensure its optimal operation depending on the information it can get from the environment. In the next section, improvements of the new architecture on the MC1 cycle are further studied for a better integration of the new system.

5 System improvements

'Heure de Magny Cours'

The 'Heure de Magny Cours' is a challenge open to all electric and hybrid vehicle with at least two seats. The challenge is to run the biggest possible distance during 1 h at the Magny Cours Grand Prix Racing track, a racing track with a length of 4411 m used for Formula 1 races. After the completion of the challenge, the Magny Cours Index (IMC) of the vehicle is calculated using equation ( 17).

IM C = V m • D y + z (17) 
V m is the mean velocity in m s -1 , with D the distance covered during the race in km, y the chemical energy consumed during the race in MJ, and z the electrical energy consumed during the race in MJ. The Noao in its original configuration would be able to obtain an IMC of 38.

Magny Cours index

Based on the results of the simulation of the Noao with a fuel cell instead of the EG based range extender, considering the same MC1 driving performances, the car would be able to drive a distance of 26 laps. This new system reduces the SOC from 0.54 down to 0.45 and by using 0.34 kg hydrogen. This leads to a potential IMC of 69. This is an increase of IMC of 31 points compared to the EG based solution, but it can be expected to have a further increase of IMC as the retrofit allows reducing weight and thus provides most probably a considerable gain in performance.

Weight reduction

A fuel cell system with a 50 kW peak power for an automobile application is big, and its initial and operational cost will be high. Its supervisory control will also be very complex. Since a FC system has a better efficiency, a peak power reduction that can lead to the weight reduction of this system is studied. This study concerns only the FC stack with the number of cells is reduced with regard to the resulting peak power.

The analysis is done by reducing the peak power from the preliminary power of 50 kW down to 35 kW. For each designs, the same reference race driving cycle MC1 and the same presented charge management are simulated.

The subcomponent sizes to form the fuel cell system package are considered identical. By referring to Table 3, the system efficiency and final SOC will be higher in function of the increasing peak power. And since the control parameters are kept the same, there is no significant gain in the autonomy for the reduced FC rated power. In Figure 11, the peak power of the fuel cell stack down to 40 kW can be considered for this system. Then, the fuel cell voltage will be saturated and reach its limits. An adaptation in the control parameters can push these limits to enable integration of a lower FC rated power, which is not studied in this paper. Thus, for the moment in this study case a 40 kW fuel cell stack can be chosen to replace the EG based 50 kW range extender. 

Conclusion and perspective

A complete series hybrid racing car system is modelled using EMR and IBC. Comparison between simulation and experimental results shows that the system is correctly represented for the original system with the internal combustion engine and the electric generator as range extender. This model is then used to further develop this system for a new architecture with a fuel cell stack as the range extender. Three race driving cycles are used to test potentials of the fuel cell integration. It can be concluded that with the same amount of requested power from the range extender, a hybrid fuel cell/battery race car is more efficient than the electric car hybridised using an EG based range extender. Due to its higher efficiency, the fuel cell will provide a higher autonomy for the equivalent peak power of engine. The potential to improve the Magny Cours Index, an energy efficiency indicator IMC from 38 to 69 that can be obtained by the vehicle is shown. But, to avoid overdesign and to have lower operational costs and weight, a fuel cell system with 40 kW rated power will fulfill the demands towards this specific racing car application. Even though the obtained results are first design step results, this model and approach to deduce the control scheme can be used at the first stage of component design and sizing for complex multi physics systems like series hybrid race vehicles.
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Table 1

 1 Vehicle parameters for Noao

	Vehicle mass, mv	1200 kg
	Front area, A	2 m 2
	Drag coefficient, Cx	0.35
	Rolling resistance, µ	0.012
	Wheel diameter, dw	0.62 m
	Engine	3 cylinders 1.0 l, direct injection
	Generator	54 kW at 4500 rpm
	Electric motor	167 kW peak power
	Battery	3 Lithium-ion batteries, 520 V
	Transmission	Simple, ratio 2.9

Table 2

 2 Vehicle system gain if hybridised with fuel cell

		MC1	MC2	MCsp
	Maximum velocity (m s -1 )	41.61	48.04	42.62
	Mean velocity (m s -1 )	30.08	30.90	26.13
	Distance (km)	18.05	21.10	12.39
	Driving energy (MJ)	24.36	32.11	16.16
	Distance for 1 h (km)	108.30	110.89	93.90
	Engine and generator			
	Consumption battery (MJ)	10.43	14.80	4.79
	Consumption fuel (kg)	1.71	1.93	1.31
	System efficiency (-)	0.28	0.32	0.26
	SOC final (-)	0.39	0.33	0.47
	Autonomy if SOC 0.9 to 0.3 (km)	72.20	60.29	106.20
	IMC: Magny Cours Index (-)	38	34	39
	Fuel cell			
	Consumption battery (MJ)	6.35	10.72	1.81
	Consumption hydrogen (kg)	0.34	0.40	0.26
	System efficiency (-)	0.52	0.55	0.49
	SOC final (-)	0.45	0.35	0.51
	Autonomy if SOC 0.9 to 0.3 (km)	120.33	64.92	247.80
	IMC: Magny Cours Index (-)	69	59	77

Table 3

 3 Study on the suitable fuel cell peak power

	Peak power (kW)	50	45	40
	FC stack mass (kg)	100	90	80
	Number of cell (-)	120	108	96
	System efficiency (-)	0.517	0.497	0.468
	SOC final (-)	0.449	0.450	0.452
	Autonomy if SOC 0.9 to 0.3 (km)	120	121	123