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INTRODUCTION

Electrification of vehicles have been proved to be of great potential for fuel saving and emission reduction [START_REF] Chan | The state of the art of electric, hybrid, and fuel cell vehicles[END_REF]; [START_REF] Emadi | Modern Electric, Hybrid Electric, and Fuel Cell Vehicles Fundamentals, Theory, and Design[END_REF]). However, truck manufacturers are reluctant to electrify their products due to two main reasons. One is that fuel saving scale is not very tempting if the truck spends most of its time on the highway. The other is that additional components such as energy buffers (batteries or supercapacitors) and electrical machines to electrify trucks may result in a huge surge of products prices. Nevertheless, [START_REF] Zirn | Hybridisation potentials for heavy trucks considering route topography[END_REF] proves that for those trucks which run in hilly terrain or urban areas, fuel savings are still promising. Also, the raised cost caused by additional components is not significant in the terms of total ownership, including operational costs and components cost, in life span. More importantly, trucks contribute greatly in greenhouse gas emission while the policy of emission restriction is becoming stricter and stricter, particularly for urban areas. Zero emission even is mandatory for specific city regions. Thus, electrification of delivery or distribution trucks is still of great interest.

Due to the low energy density and high cost of batteries, hybridization of the trucks appears to be a more suitable solution nowadays. Researchers and manufactures have worked on the hybrid electric vehicles (HEVs) for decades, offering many topology options for the conventional vehicles, for instance, series HEV, parallel HEV with continu-This work has been achieved within the framework of CE2I project (Intelligent Integrated Energy Converter). CE2I is co-financed by European Union with the financial support of European Regional Development Fund (ERDF), French State and the French Region of Hauts-de-France.

ous variable transmission or gear box and power split HEV with planetary gear set [START_REF] Emadi | Modern Electric, Hybrid Electric, and Fuel Cell Vehicles Fundamentals, Theory, and Design[END_REF]; [START_REF] Lhomme | Energy savings of a hybrid truck using a ravigneaux gear train[END_REF]; [START_REF] Mayet | Influence of a cvt on the fuel consumption of a parallel mediumduty electric hybrid truck[END_REF]), among which power split HEV is the most successful and efficient one. However, different from passenger vehicles, medium or heavy duty trucks have much higher torque demand which would bring low reliability and high maintenance to the planetary gear [START_REF] Lhomme | Energy savings of a hybrid truck using a ravigneaux gear train[END_REF]).

In this paper, an EVT is proposed for a hybrid medium duty truck. EVT is an energy conversion apparatus that can fully decouple the engine from the wheel speed in HEV application [START_REF] Hoeijmakers | The electric variable transmission[END_REF]). Researchers have been studied on this type of energy converter in the last decade ranging from machine or powertrain design, control and optimization [START_REF] Ahmed | Modeling and control of a novel power split hybrid electric vehicle[END_REF]; Cheng et al. (2011a,b); [START_REF] Druant | Torque analysis on a double rotor electrical variable transmission with hybrid excitation[END_REF]; [START_REF] Han | Electromagnetic analysis and design of switched reluctance double-rotor machine for hybrid electric vehicles[END_REF]; [START_REF] Zheng | Research on the cooling system of a 4QT prototype machine used for HEV[END_REF]). EVT-based HEV can achieve almost the same fuel saving as the Prius while no planetary gear set is required [START_REF] Vinot | Improvement of an EVTbased HEV using dynamic programming[END_REF]), which outstand its advantage for trucks.

This paper aims at optimal sizing of an EVT for a hybrid urban delivery truck, seeking the trade-off solutions in energy saving and the EVT size under certain drivability constraints. These constraints comprise maximal acceleration time from standstill to 100 km/h, top speed cruising, maximal grade-ability. To accurately size the EVT, proper design parameters are selected. Instead of sizing both EM1 and EM2 by changing their torque scales [START_REF] Vinot | Global optimized design of an electric variable transmission for hevs[END_REF]), EM1 is scaled by changing its speed and the EM2 is scaled by changing its torque.

The paper is organized as follows. The modelling of the EVT-based truck is presented in Section 2. The optimal sizing problem and a nested optimization method is described in Section 3. To benchmark the fuel economy of every feasible EVT size, in Section 4, the global minimal fuel consumption is obtained by a bi-level DP algorithm. In Section 5, Pareto front of the sizing results is presented.

MODELLING OF THE EVT-BASED TRUCK FOR EMS

Hybrid truck with EVT

The hybrid truck is for delivery mission in urban areas.

The UDDS driving cycle is used to evaluate its fuel economy. Major parameters of this truck is presented in Table 1. The other information of the truck and the UDDS cycle could be found in [START_REF] Hofman | Hybrid component specification optimization for a medium-duty hybrid electric truck[END_REF]. Final drive ratio 0.3

The powertrain (Fig. 1) is composed of an internal combustion engine (ICE), an EVT, its inverters and the battery pack. The EVT could be viewed as a compound of two machines, a double rotor machine denoted as EM1 and a stator machine denoted as EM2. The inner rotor of the double machine is connected to the ICE shaft. The outer rotor of EM1, which also is the rotor of EM2, is linked to the final drive to propel the wheels. With this configuration, the ICE is fully decoupled from the wheel speed, meaning that it could operates at its highly efficient region whatever the driving situation.

The EVT powertrain can operate in three different modes, pure electric mode, starter mode and hybrid mode. In the starter mode, EM1 drags the engine to above its idling speed before the ICE begins to work. Since neither clutch nor brake is utilized in the powertrain, only EM2 could be used in pure electric mode.

Principle of the EVT sizing

This paper aims to size an EVT of the delivery truck, which has already been hybridized with a parallel topology using a continuous variable transmission [START_REF] Mayet | Influence of a cvt on the fuel consumption of a parallel mediumduty electric hybrid truck[END_REF]). To highlight the interest of the EVT, the same truck is considered with an ICE of 90 kW and a battery of 15 kWh. The sizing only deals on the EVT keeping all other components.

It is well known that the fuel consumption of a hybrid vehicle is dependent on both the component sizing and the energy management strategy (EMS). EMS and sizing can thus not be independent. In this paper, the graphical formalism EMR (Energetic Macroscopic Representation) [START_REF] Bouscayrol | Graphic Formalisms for the Control of Multi-Physical Energetic Systems: COG and EMR[END_REF]) is used to organize the control of the system.

The EMR (Energetic Macroscopic Representation) of an EVT-based HEV has already been proposed [START_REF] Cheng | Specifications and design of a PM electric variable transmission for Toyota Prius II[END_REF]) (Fig. 2). As depicted in Fig. 2, the control is split in local control of subsystems when the EMS will deliver the torque and speed reference for the ICE (and its on/off activation). Such a model organization is too complex for developing EMS using optimal theory such as DP. Reduced model are thus proposed to reduce the computation time. Moreover a backward model is required for DP assuming that the local control is well achieved. This backward organization can be systematically derived from the EMR (Mayet et al. ( 2018)) (Fig. 3).

In the following subsection, only the reduced model is presented for the global sizing of the EVT and the development of the vehicle EMS. A more accurate model can be found in [START_REF] Cheng | Specifications and design of a PM electric variable transmission for Toyota Prius II[END_REF]).

Modeling details for the optimal EMS

The modelling of the EVT-based HEV powertrain for the backward searching is presented in this section. 

1) Motion relation of the EVT powertrain:

The motion relation of the EVT powertrain in steady state can be described as

T e = -T 1 (1) T d = T 2 -T 1 (2) Ω 1 = Ω e -Ω 2 (3) 
where Ω 1 ,Ω 2 and Ω e are the rotating speed of EM1, EM2 and ICE, T 1 and T 2 are the torques of EM1 and EM2, and T e is the engine torque, T d and Ω 2 are the equivalent demanded torque and rotating speed at the input side of the final drive shaft, which could be expressed as

T d = r k f η κ F d Ω 2 = k f v r (4) m dv dt = F d -F res (5) 
F res = ρC d v 2 2 + mgf cos θ + mg sin θ + m dv dt (6)
where F d is the demanded tractive force, F res is the resistance force, r is the wheel radius, k f is the final drive ratio, ρ is the air density, C d is the drag coefficient, v is the vehicle velocity, m is the total vehicle mass, g is the gravity, θ is the road slope and κ is the coefficient determined by the torque direction, which can be expressed as

κ = 1, if F d v ≥ 0 -1, otherwise . (7) 
2) Modelling of the engine and the electrical drives: Quasi-static modeling is used to model the engine and electrical drives.

The engine model in the backward searching can be represented by

 



Ω e = Ω eref T e = T eref ṁf = ψ e (Ω e , T e ) (8) 
where Ω eref and T eref are the reference commands of the engine in the forward simulation (Fig. 2), ṁf is the fuel mass rate, ψ e is a three dimensional table for the brake specific fuel consumption map. Since in the backward searching, the engine inertia is neglected, it is considered that Ω e and T e equal to their reference all the time.

The electrical drives are depicted as power loss maps by

B 1 = ψ 1 (Ω 1 , T 1 ) i 1 = Ω1T1+B1 u b (9) B 2 = ψ 2 (Ω 2 , T 2 ) i 2 = Ω2T2+B2 u b (10)
where B 1 and B 2 are the power losses of the electrical drives respectively, ψ 1 and ψ 2 are the look-up table for the power losses, i 1 and i 2 are the currents of the electrical drives, u b is the battery voltage.

3) Battery modeling:

The battery pack is modeled as a open circuit model [START_REF] Emadi | Modern Electric, Hybrid Electric, and Fuel Cell Vehicles Fundamentals, Theory, and Design[END_REF]). The dynamics of the battery pack can be represented by

dSoC dt = -i b Q b P b = u b i b (11) i b = i 1 + i 2 u b = u oc -R b i b (12)
where SoC is its State-of-Charge, u oc , i b and R b are the open circuit voltage, battery current and internal resistance, Q b is the battery capacity, P b is the net output power of the battery.

The battery pack is used to absorb the electric power generated by the electrical machines or to provide additional power along with the engine to propel the powertrain. The power flow in the electric path should satisfy the balance relation:

P b = T 1 Ω 1 + B 1 + T 2 Ω 2 + B 2 . ( 13 
)

OPTIMAL SIZING PROBLEM FORMULATION AND OPTIMIZATION METHOD

The multi-objective optimization problem is to search the optimal EVT size for the delivery truck while guaranteeing certain performances of drivability as below

   t acc ≤ 26 s v max ≥ 100 km/h θ max ≥ 9 % (14)
where t acc is the acceleration time from standstill to 100 km/h, v max is the highest velocity of the truck and θ max is the maximal slope that the truck can achieve when climbing at 15 km/h. It should be pointed out the engine size are fixed due to the performance of top speed cruising. In our case, a 90 kW engine is large enough to maintain the vehicle cruising at 100 km/h without the assistance of the battery. Also, the battery capacity is fixed to 15 kWh for 20 km pure electric driving range. Only the EVT size is investigated.

Sizing parameters of the EVT

Determining the specification of an electrical machine for vehicle traction requires many technical requirements, for instance, maximal speed, maximal torque and speed ratio (the maximum speed divided by the rated speed) [START_REF] Emadi | Modern Electric, Hybrid Electric, and Fuel Cell Vehicles Fundamentals, Theory, and Design[END_REF]). Especially, the difficulty increases since the efficiency map should be known on advance when evaluating the vehicle efficiency or fuel consumption. To reduce the complexity, we should choose proper design parameters for EM1 and EM2.

As depicted in Section 2, EM1 should balance the engine torque in steady state, which means that the maximal EM1 torque T 1max should be large enough to cover the maximal engine torque T emax of the selected engine. While for EM2, since its rotor is directly linked to the final drive, its maximal speed Ω 2max could be predetermined by the top speed requirement. These prerequisites are expressed by

T 1max = T emax Ω 2max = i f vmax r . ( 15 
)
With these predetermined parameters, the remaining parameters to specify EM1 are its maximal speed and speed ratio. While for EM2, the remaining parameters are its maximal torque and speed ratio. For permanent magnets synchronous machine, the speed ratio could be chosen from 2.0 to 5.0, depending on its field weakening ability. To simplify the searching, the speed ratios of both EM1 and EM2 are fixed to a compromised value of 3.0, which is reasonable in machine design [START_REF] Han | Research on Modular Cascade Machines System for Electrical Vehicles[END_REF]). Now the left work is to determine the maximal speed for EM1 and the maximal torque for EM2. For consistency, we use the power rating to evaluate the machine size as

P 1max = T 1max Ω1max χ1 P 2max = T 2max Ω2max χ2 (16) 
where P 1max and P 2max are the maximal power of EM1 and EM2, Ω 1max is the maximal EM1 speed, T 2max is the maximal EM2 torque, χ 1 and χ 2 are the machines speed ratios.

Due to the lack of data, most of the published papers utilize only one efficiency map to search the electrical machine size by multiplying a torque scale or speed scale [START_REF] Kim | Comprehensive design methodology of input-and output-split hybrid electric vehicles: In search of optimal configuration[END_REF]; Vinot et al. ( 2016)). To be more accurate, the program proposed in [START_REF] Han | Research on Modular Cascade Machines System for Electrical Vehicles[END_REF]) is used to generate the efficiency maps for different sizes of EM1 and EM2. The program has been proved to be quite accurate in the initial design of electric vehicles. In this program, only maximal torque, maximal speed and speed ratio are required for the approximation of machine efficiency. Utilizing this program, efficiency maps of different machines can be obtained.

Multi-objective sizing of the EVT

The sizing problem includes two objectives, one is to minimize the fuel consumption under the UDDS driving cycle while the other is to minimize the EVT size.

The cost function of the fuel consumption J f could be expressed by

J f = t f 0 ( ṁf (ω e , T e , x on ) + m e δ(u on )) dt ( 17 
)
where t f is the total driving time on the cycle, u on is a control signal that turns the ICE on or off, m e is a constant that depicts the extra fuel consumption associated to the engine starting, and δ is the Dirac delta function

δ(u on ) = +∞, if u on = 1 0, otherwise. (18) 
The relation between u on and the engine state is x + on = x on + u on (19) where x + on is the right time limit of x on , when x + on may jump to the other binary value, depending on u on .

The cost function of the EVT size J m is defined as the sum of the maximal power ratings of EM1 and EM2:

J m = P 1max + P 1max .

(20) With the different cost functions, the multi-objective sizing problem can be summarized as min J f , J m subject to:

t acc ≤ 26 s v max ≥ 100 km/h θ max ≥ 9 % (21)

Optimization method

In the optimal sizing problem ( 21), the objective is to find the minimal EVT size and the best fuel economy while guaranteeing the drivability performances. A nested optimization method is applied to exhaustively search the EVT size. Firstly, for every machine combination in the EM1 set and EM2 set, the minimal acceleration time, top speed and maximal grade-ability are verified. To obtain the minimal acceleration time, DP could be applied into the acceleration process, [START_REF] Kim | Comprehensive design methodology of input-and output-split hybrid electric vehicles: In search of optimal configuration[END_REF]. For the top speed cruising and grade-ability, the verification can be built by static searching. Machine combinations do not satisfy these basic requirements are discarded. For those feasible machine combinations, the fuel consumption is further evaluated by the proposed DP algorithm in Section 4. After the exhaustive searching, the Pareto front of the J f and J m can be depicted.

BI-LEVEL DP ALGORITHM FOR EMS

To evaluate the fuel economy of each selected EVT size, DP is used to benchmark the global minimal fuel consumption. However, DP would bring huge computation burden when exhaustive searching is applied to find the Pareto front. To reduce the computation time, a bi-level DP algorithm is formulated in this section.

The optimization problem of energy management for the EVT powertrain under charge-sustaining condition can be summarized as min J f (Ω e , T e , u on , x on ) subject to: (1) -(13)

x on (0) = 0, SoC(t 0 ) = SoC(t f )

x on ∈ {0, 1}, u on ∈ {-1, 0, 1} i b ∈ [i bmin , i bmax ], SoC ∈ [SoC min , SoC max ] T e ∈ x on [T emin (Ω e ), T emax (Ω e )], Ω e ∈ [Ω emin , Ω emax ] T 1 ∈ [T 1min (Ω 1 ), T 1max (Ω 1 )], Ω 1 ∈ [Ω 1min , Ω 1max ] T 2 ∈ [T 2min (Ω 2 ), T 2max (Ω 2 )], Ω 2 ∈ [Ω 2min , Ω 2max ] (22) 
In the optimization problem ( 22), there are two independent continuous control signals including T e and Ω e , one discrete control signal u on and two states x on and SoC.

To solve this mix-integer problem, backward searching, also known as DP [START_REF] Bellman | Dynamic Programming[END_REF], is utilized under the assumption that the driving cycle is known on advance. DP has been widely used in the global optimization of the hybrid electric vehicles for different topics [START_REF] Kim | Comprehensive design methodology of input-and output-split hybrid electric vehicles: In search of optimal configuration[END_REF]; [START_REF] Maamria | On the use of dynamic programming in eco-driving cycle computation for electric vehicles[END_REF]). However, it requires huge computation effort to solve this optimization problem due to its large scale of complexity. To reduce the computation burden of the DP search, the optimal energy management is formulated as a bi-level algorithm.

Firstly, substitute (1)-( 3) into (13), the electric power can be written as

T d Ω 2 -P b = T e Ω e -B 1 (T e , Ω e ) -B 2 (T d -T e , Ω 2 ) (23)
Then, a variable change P c is introduced to replace T e as the control variable:

P c (T e , Ω e ) = T e Ω e -B 1 (T e , Ω e -Ω 2 ) -B 2 (T d -T e , Ω 2 ) (24)
While the power balance of the hybrid powertrain can be derived as T d Ω 2 = P b + P c (25) With this formulation, the ICE, EM1 and EM2 are considered as a compound unit whose net output power P c propels the powertrain together with the battery. Then the optimization problem in ( 22) could be reformulated as min J f (P c , u on , x on ) subject to: (11)

x on (0) = 0

x on ∈ {0, 1} u on ∈ {-1, 0, 1} SoC(t 0 ) = SoC(t f ) i b ∈ [i bmin , i bmax ] SoC ∈ [SoC min , SoC max ] P d = P c + P b P c ∈ [P cmin (T d , Ω 2 ), P cmax (T d , Ω 2 )]. ( 26 
)
Since the driving cycle is known on advance, for given Ω 2 and T d , the optimum mapping from P c to ṁf could be obtained before the DP begins. While during the DP searching, the fuel consumption from one SoC node to another could be directly obtained by interpolation of the optimal P c ∼ ṁf map, leaving P c as the only continuous control signal.

OPTIMAL SIZING OF THE EVT FOR THE DELIVERY TRUCK

Feasible sets of the design space

Before the Pareto design, the feasible set of the EVT size should be found to meet the requirement of performance constraints in ( 14). The feasible sets determined by the performance constraints are presented in Fig. 4-Fig. 6 respectively, which are denoted as shaded regions. From Fig. 4-6, it could seen that both EM1 and EM2 have influence on the acceleration performance, top speed and grade-ability. The influence of EM1 on the powertrain comes from its connection to the engine. As depicted in Section 2, EM1 is used to delivery the engine torque in hybrid mode. Once EM1 limits the engine output, the powertrain drivability will also be affected. EM2 has a more significant impact on the drivability, due to its direct linking to the final drive.

Finally, the feasible space for Pareto design could be depicted as intersection of feasible sets acquired from different performance constraints, as shown in the shaded region in Fig. 7. 
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Fuel economy of the delivery truck

The fuel consumption of the delivery truck under the UDDS driving cycle over the feasible set is presented in Fig. 8, through DP. In the feasible set, the minimal fuel consumption is about 16.85 L/100km. The fuel economy of the delivery truck could be improved by 21.63 % compared to the conventional truck with a gear box. It could be seen that hybrid delivery truck with EVT can provide considerable fuel saving.

Pareto front of the EVT size and the fuel consumption

The pareto front [START_REF] Miettinen | Nonlinear Multiobjective Optimization[END_REF]) of the EVT size and the fuel consumption are depicted in Fig. 9. It could be seen that the minimal fuel consumption could be obtained when the EVT power rating reaches around 159 kW. At this point, the EM1 power rating is about 60kW and the EM2 power rating is about 98.5kW. Also, in the terms of fuel economy, a larger EVT size may increase the fuel consumption. Since the fuel consumption difference between the minimal power rating point and the minimal fuel consumption point is quite small (only 0.3 %), the smallest EVT size could be even considered for the delivery truck. This paper presents the optimal sizing of EVT for the hybrid delivery truck. The optimal sizing problem is formulated and solved by exhaustive searching. A bi-level DP method is developed to optimize the fuel consumption under UDDS driving cycle for fair comparison and benchmark. Simulation results show that promising fuel saving potential (21 % reduction) could be expected when using an EVT to the delivery truck. Also, for the truck application under UDDS driving cycle, a minimal EVT size could be chosen as long as it could satisfy the performance requirement since its fuel saving is already closed to the best potential.
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Table 1 .

 1 Truck parameters

	Parameter	Value
	Total mass	7258 kg
	Frontal area	6.9 m 2
	Wheel radius	0.397 m
	Inertia of rotating parts 20 kgm 2