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Hybrid electrical vehicles involve two sources of energy, usually gasoline and electricity. The energy management determines the power sharing between the internal combustion engine and the electrical machine (EM). It is highly dependent on the driving cycle (i.e. the use of the vehicle). In this context, the optimal sizing of the EM is determined by: the driving cycle, the power-train characteristics (i.e. ratios and physical limitations e.g. maximum torque available) and the energy management. The key idea of this work is to involve the driving cycle and the environment of the electrical machine in a global multi-objective optimization process taking into account an optimal energy management and an accurate model of the EM based on magnetic circuit equivalent model.

Introduction

Hybrid electrical vehicles (HEV) represent an innovative solution to reduce pollutant emission and fuel consumption. A possible configuration of the HEV is a parallel two-clutch architecture (Fig. 1). In this architecture, both Internal Combustion Engine (ICE) and Electrical Machine (EM) provide power to the wheels.

The energy management is a key point of the operating of HEVs as it highly influences the fuel economy. In fact, it determines the propulsion mode (electric, hybrid or thermal) and the power sharing between the ICE and the EM.

On the other hand, the sizing of the electrical machine is probably one of the most common optimization problems in electromagnetic research [START_REF] Barba | Design of Hybrid Excited Synchronous Machine for Electrical Vehicles[END_REF] [2] [START_REF] Chau | Overview of permanent-magnet brushless drives for electric and hybrid electric vehicles[END_REF]. Usually, the problem is to maximize the efficiency of the EM for given operating points subjected to external constraints such as weight, thermal, physical limitations, etc. In a dynamic system, where operating points of the EM are not a priori known, the problem is more complex.

In fact, in HEVs, the energy management highly influences the operating of the electrical machine.

And, the size and performances of the machines highly interfere with the management. Moreover, the sizing of the other components (ICE, gear, etc.) has a high impact on the operating of the machine. The classical design process usually performed for HEVs consists in sizing energetically the system using coarse models of components such as efficiency maps for the EM [START_REF] Bertram | Multi-objective optimization of a parallel hybrid electric drive train[END_REF] [START_REF] Buerger | Multi-objective optimization of hybrid electric vehicles considering fuel consumption and dynamic performance[END_REF]. It fixes the constraints on the components (battery number of elements, engine and electrical machine minimum required torque, etc.) and the energy management REINBOLD, Vincent, VINOT, Emmanuel, 2016, Multi-objective optimization of the sizing of a hybrid electrical vehicle, International Journal of Applied Electromagnetics and Mechanics, IOS Press, pp. 1-12, DOI: 10.3233/JAE-140160 [START_REF] Chau | Overview of permanent-magnet brushless drives for electric and hybrid electric vehicles[END_REF]. Then, the components are sized (using fine model) independently of their interaction with the system and of their effect on the management laws. It is clear that this method can easily lead to sub-optimal global solution.

Thus, in this context, the authors proposed to develop a global optimization. The proposed method will consider the control problem (energy management) as a sub-problem embedded in a global sizing optimization.

In this work, the optimal control method using discrete dynamic programming DDP [START_REF] Bellman | Dynamic programming and Lagrange multipliers[END_REF] [6] is chosen (section 2.B). The proposed design uses a fine, but fast enough to compute, electrical machine model (section 2.A). This design leads to the optimization of the electrical machine and other component characteristics (gear ratio, battery size, ICE power, etc.) in one global optimal design taking into account the influences between components, energy management and mission of the vehicle.

The first section of this paper details the modeling of the electrical machine and its validation with finite element method (FEM). The optimization process is then presented in a second section. This section also includes the presentation of the vehicle model. The third section presents the global sizing method proposed in the paper. A brief remaining on the optimal control problem which can be seen as a sub-optimization problem is also presented. The last section presents the results obtained with such a method for different driving conditions in terms of fuel economy and electrical machine geometries.

Modeling of the HEV

2.A. Modeling of the electrical machine

Usually, in HEV system's design, the Electrical machine (EM) is modelled using efficiency maps and applying scaling factor on torque, losses, power, etc. [START_REF] Buerger | Multi-objective optimization of hybrid electric vehicles considering fuel consumption and dynamic performance[END_REF] [2] [START_REF] Kirk | Optimal control theory: an introduction[END_REF]. Such approach leads to a lack of accuracy (efficiency and maximum torque) especially considering that in our application the power of the EM varies from 5 to 50 kW. Moreover, there is no degree of freedom on the "geometries" of the machine whereas it can highly change the efficiency area and thus the operating of the machine considering optimal management. Thus, in this work, authors proposed to use an EM model taking into account geometrical parameters (see section 3.A).

In this study, an internal permanent magnet synchronous motor is chosen as it is the most used machine in electrical power train. The EM is represented by a magnetic equivalent circuit model (i.e. a reluctance circuit) (MECM), using Reluctool software tool [START_REF] Du Peloux | Automatic generation of sizing static models based on reluctance networks for the optimization of electromagnetic devices[END_REF] [8] [START_REF] Delinchant | An optimizer using the software component paradigm for the optimization of engineering systems[END_REF]. In such a model, flux tubes are represented by reluctances.

For sizing, reluctance expressions depend on geometrical parameters, (e.g. air-gap length, magnet sizes, stator external radius…) and winding characteristics. A possible circuit model of one pole of the EM is presented in Fig. 2.

The MECM is fast to compute (around 100 ms), and takes into account non-linear phenomena, such as magnetic saturation. The magneto motive forces depend on the stator current and the magnetic reluctances depend on the geometrical parameters and the magnetic characteristics of materials. The resolution of this nonlinear circuit is based on the Hopkinson's law and uses Newton-Raphson algorithm. This leads to the flux linkage and the induction field (B) in each magnetic reluctances.

To dispose of the static torque of the machine for different internal electrical angles, the rotation of the machine rotor is simulated by a multi-static solving. To avoid a change of MECM at each position, the rotor is considered to be fixed and the stator currents are changed to simulate the rotation. This is equivalent to a rotor rotation with fixed stator currents. This allows fast solving of the MECM (which remains the same) and very lower model size (so need of RAM memory). The drawback of such a method is that the torque ripple cannot be considered. In fact, the reluctance scheme corresponds to those with magnetic pole aligned to stator teeth.

Intermediary positions have to be taken into account to simulated torque ripples. For that, reluctance schemes with almost two times more reluctances parameterized by the rotor position are needed.

In the Park's reference (rotating bidirectional reference), the knowledge of the direct and the quadratic flux linkage d and  q leads to the first harmonic of the direct and quadratic voltage v d and v q :
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where i d and i q are respectively, the direct and the quadratic current,  is the electrical pulsation of the electrical machine and R s is the electrical resistance of one stator phase.

The calculation of the electrical power leads to the estimation of the mechanical mean torque  em , for an active sign convention, i.e.  em positive in the motor mode :
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where P iron and P f are respectively, the iron losses and the mechanical losses. p is the number of pole pairs and  em is the rotation speed of the electrical machine. The iron losses are calculated thanks to a first harmonic Bertotti's model in each magnetic reluctance, taking into account hysteresis, excess and eddy-current losses [10] [11]. Mechanical losses are assumed to be proportional to the square of the external radius of the electrical machine and proportional to the rotation speed [START_REF] Hsu | Report on Toyota/Prius Motor Torque-Capability,Torque-Property,No-Load Back EMF[END_REF].

2.B. Validation of the electrical machine model

In order to estimate the validity of this model for a global sizing process, a model validation of the magnetic circuit model has been made using a finite element method (FEM) with Flux2D. The initial geometrical characteristics and manufacturing assessment come from pictures and measurements of the Toyota Prius 2004 EM [START_REF] Hsu | Report on Toyota/Prius Motor Torque-Capability,Torque-Property,No-Load Back EMF[END_REF]. This initial machine is simulated using a magneto static method. This model allows an accurate computation of flux linkage, torque and losses for different mechanical operating points. Fig. 3 presents a comparison between flux linkage computed with the MECM and the FEM models. The flux linkage is represented versus the internal electrical angle, i.e. the angle between the current and the q-axis in Park's reference. One can see the good agreement of the MECM with the fine model (FEM). The evaluation error is lower than 5% for all the internal electrical angle possible ranges. MECM presents a good accuracy to calculate flux linkages (Fig. 3). The torque is also in good accordance with those obtained with FEM method (Fig. 4) except for the torque ripple which is not simulated with our model (section 2.A). A MECM model appears then to be relevant for an optimal global sizing process. It is fast enough (100 ms) to be called thousands of times.

2.C. Modeling of the hybrid electrical vehicle

The vehicle model is based on a systemic approach. Schematic representation and notations are presented in Fig. 5.

The modeling of the HEV is based on the knowledge of the driving cycle (vehicle speed with respect to time). An upstream approach from wheel to components allows to calculate the ICE operating point in a backward manner. Knowing the vehicle weight and inertia, the vehicle acceleration leads to the required wheel torque   (t). Knowing the demanded wheel torque and speed, and the gear box ratio, the torque and the speed before the first clutch are given by the following equations: 
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where,  ice and  ice are respectively the engine torque and speed,  em ,  em, and J em are respectively the electrical machine torque, speed and inertia.  cpl and k cpl are the efficiency and ratio of the coupling device.

In electrical propulsion mode u 2 (t)=0 :
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The model of the battery is a classical serial open circuit voltage source and resistance. The electromotive force E, depends on the state of charge, soc(t). The serial resistance depends on the battery state of charge and current.

The ICE model is made using a specific fuel consumption (SFC) map (Fig. 6). The colored lined represents the specific fuel consumption, i.e the fuel burned in grams to produce one kW/h of mechanical energy on the shaft of the engine. Up and low torque limits are represented with a solid black line. The low bound correspond to the engine breaking with zero fuel consumption.

During the sizing process, the maximal power of the ICE, P ICE is changed applying a scaling factor on the torque and the fuel consumption ( ICE =P ICE /P ICE_nom ). It is usually assumed that the power density is constant and lengths proportional to  ICE 1/3 [START_REF] Bertram | Multi-objective optimization of a parallel hybrid electric drive train[END_REF]. Mass moments of inertia have units of dimension M.L 2 , this leads to a mass proportional to  ICE and a moment of inertia proportional to  ICE 5/3

. The SFC remains thus the same.

Optimization of the sizing of the HEV

3.A. Optimization problems

The optimization parameters taken into account in the paper are the number of NiMh modules (N bat ), the continuous voltage of the converter (U bus ) the ratios (k cpl , k red ), the standard power of the ICE (P ICE ), and geometrical parameters of the EM (X em ). Fig. 7 presents the geometrical parameters of the EM. X is defined as the set of the 15 optimization variables. All of them are continuous.
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The objectives to minimize are the fuel consumption over a driving cycle (J 1 ) and the number of battery modules (N bat ):
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where

fuel m 
is the instantaneous fuel rate, u 2 (t) the state of clutch 2, i bat the battery current and X the optimization parameter set [START_REF] Delinchant | An optimizer using the software component paradigm for the optimization of engineering systems[END_REF].

The main constraints to be respected are:

-geometrical constraints on the electrical machine -battery state of charge (soc) at the end of the driving cycle (section 3.B) -dynamic performances of the vehicles, determined using the previously presented vehicle model; Table 1 presents the constraints used below.

Fig. 8 shows the optimization strategy of the sizing of the parallel-HEV. The control problem is considered as a sub-optimization problem embedded in the global optimization of the sizing of the vehicle. The global sizing optimization is performed using multi-objective NSGA-II algorithm [START_REF] Deb | Multi-objective optimization using evolutionary algorithms[END_REF]. This allows to perform a multi-objective optimization and to dispose of a Pareto front which allows to choose an architecture after the optimization process. The optimization has been carried out using NSGA-II implementation from Matlab.

Consequently, this problem involves 15 optimization variables and 10 constraints. The computation time of the objective for one set of parameters and a driving cycle of 556s (1s step time), is about 16s with an i7-2630 QM processor and 8Go RAM. The global optimization time, with 60 individuals and 500 generations is about 24h using a 6 cores parallel computation.

As said before, in the paper, the two objectives to be minimized are: the fuel consumption and the battery number. Nevertheless, with this approach, it becomes easy to add objectives representing the cost or the volume of raw material for example. In future works, this will be really useful to make a choice after sizing process regarding economic criteria.

3.B. Optimal control problem

The control problem is a key point of HEV operating and is even more critical in global design process.

For real time implementation in vehicle, a rule-based strategy is usually used. However, such a strategy highly depends on the sizing of the vehicle and on the efficiency of the components. Thus, it can be relevant for one sizing and not for another. To avoid this non monotonic effect in an optimization process, the authors chose to use the optimal energy management (OEM), based on optimization methods. This leads to the optimal fuel consumption of the vehicle for a given set of parameters and thus allows a fair comparison between different sizings. However, this strategy requires the knowledge of the driving cycle in advance.

In the proposed method, the discrete dynamic programming (DDP) [START_REF] Bellman | Dynamic programming and Lagrange multipliers[END_REF] [6] [14] is used and is solved at each step of the sizing optimization. A good representation of this optimization problem is a SOC versus time graph (Fig. 9) limited by maximum battery charge and discharge capabilities. The constraint on the final SOC is obviously respected by the building of the limits (Fig. 9).

This graph is regularly sampled in time and SOC. The points of two consecutive columns are linked by oriented edges associated to a fuel consumption. This fuel consumption depends on the drive cycle profile and the SOC variation between the two points of an edge. It is calculated using the previously presented vehicle model (section 2.C). The sum of fuel consumption of the edges on a trajectory provides the objectives to minimize. The DDP method is then applied to find the best trajectory in an efficient way [5] [6].

Results

This section presents the results obtained when using the previously proposed method. Different driving cycles representing urban road and highway conditions are used. A first initial sizing is described to provide a reference.

4.A. Initial sizing and performances of the hybrid electrical vehicle

The initial sizing (Table 2) is based on those of the Toyota Prius II. The number of battery elements is 28 leading to a global battery power of 30 kW. The initial geometry of the machine corresponds to those of the Prius and has a power of 50kW.

In our case of parallel architecture, the EM machine power is normally chosen equal to the standard power of the battery pack. The EM has thus been downsized using a scaling factor on every dimension (see

section 3.A).
The coupling ratio is chosen to be 0.7 so that the optimal rotation speed of the electrical machine matches with the optimal rotation speed of the internal combustion engine. Gear box ratios, ICE and reduction ratio are based on an existing conventional vehicle, which is the Renaud Clio. The initial ICE fuel consumption map is presented Fig. 6.

Initial fuel consumptions of the vehicle are shown in Table 3.

4.B. Result for several driving conditions

The global optimization process has been applied to three different driving cycles. About 27000 simulations are needed for each cycle. Computation time depends on the driving cycle length and varies from 16h to 24h. This optimization is performed using parallel computing (8 cores). One can see that there is a compromise between the battery pack size and the fuel consumption over the driving cycle. The fuel consumption logically decreases when the number of battery elements increase. In fact, the battery can be used in a more efficient manner and in particular regenerative braking energy can be completely recovered. However, over a certain number of battery elements, no improvement can be obtained.

The battery becomes more and more heavy and cannot be used in a more efficient manner.

Table 3 presents the optimal design obtained for 25 elements in the battery pack which seems a good trade off -fuel consumption versus battery numbers-in the Pareto front. It is compared to the initial sizing of the electrical machine and the component. Fig. 11 presents the corresponding obtained geometries of the electrical machine.

In Table 3, it clearly appears that the fuel consumption is reduced from 10% with the proposed optimal method compared to an initial design based on existing components. Going from urban driving conditions to highway conditions the power of the EM decreases when those of the ICE increases. This can be explained by considering that pure electrical modes (propulsion and regenerative braking) are more involved and efficient in urban conditions, whereas ICE is highly involved in highway condition.

Fig. 11 shows that, compared to the initial geometry, the volumes of magnet and copper increase. This probably allows improving the efficiency of the EM on its operating point; this, taking in mind that global optimization leads to the best trade-off between EM and ICE efficiency.

Efficiency maps of initial sizing and the optimal solution for the urban cycle and operating points over the urban driving cycle are presented in Fig. 12. First, we note that both EM are over-sized considering the operating points. This is due to a compromise between the standard powers of the ICE because the total installed power is mainly constrained to the dynamical performances. One can see the differences on the torque limits. It is mainly explained by the copper section difference and the maximal voltage available (c.f. Table 3).

Comparing both simulations, we can measure an improvement of 3.34% of the EM efficiency over the whole cycle. Over the urban driving cycle, the fuel consumption gain between the two sizings can be partly explained by a better use of the EM.

Conclusion

This paper proposes a new global optimization method to size the power train of a hybrid vehicle. The EM is sized at the same time as its surrounding components (gear, battery ...). For that, a fast but accurate model of the EM using magnetic circuit model has been developed. The energy management control problems, which highly interfere with the components size and efficiency is solved using DDP optimal method. This allows a fair comparison between the different sizings and avoids the non-monotonic effect of energy management in the sizing process.

DDP is embedded in a multi-objective genetic optimization with EM geometrical parameters and system parameters. This provides the Pareto front fuel consumption/battery number of elements. The time calculation (16 to 24h) proves the feasibility of such an approach (optimal control and fine EM model embedded in NSGA algorithm). The results shows an improvement on fuel consumption around 10% compared to an initial sizing based on decoupled approach.

Pareto front including economical consideration can easily be obtained adding a cost or volume of raw material objectives. This allows an a posteriori choice of the final architecture of the drive train considering the actual price of material and fuel.

This method is currently applied to more complex hybrid architectures containing two or more electrical machines. 
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  k bv (t) is the gear box ratio at instant t, k red is the reduction gear ratio and

	If	u	( t	)	0	or	( u	( t	and	k	bv	t	k	red	t	w	t	ice
		t		k	bv	t	k	red	t	w	t							(4)
		t			ice												
																				) red (t s	is the efficiency of the final
	gear with respect to the power flow direction : s(t)=sign(**). u 2 (t) represents the state of Clutch 2 (closed if
	u 2 (t)=1 and open if u 2 (t)=0).																	
	In hybrid propulsion mode (Clutch 2 closed), u 2 (t)=1 :				
	ice	t			t				t cpl s k cpl	em	i bat	t		J	em	d	dt em	J	em	d	dt ICE	t

where

Table 1 .

 1 Dynamic performances constraints

	Acceleration time from 0 to 100 km/h (s)	Maximal vehicle speed (km/h)	Time to overpass a truck driving at 80 km/h (s)
	t 0100	V max	T pas
	12.0	160	9.0

Table 2 .

 2 Initial hybrid vehicle sizing

	Standard power of the EM	30	kW
	Base speed of the EM	1420	tr.min -1
	Maximal torque of the EM	200	N.m -1
	Continuous voltage : U bus	330	V
	Internal combustion power: P mt	50.6	kW
	NiMh module number : N bat	28	
	Battery pack standard power	29.5	kW
	Coupling ration : k cpl	0.7	
	Reduction gear ratio: k red	3.2941	
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