Mehdi Mcharek 
email: mehdi.mcharek@supmeca.fr
  
Moncef Hammadi 
  
Jean-Yves Choley 
  
Toufik Azib 
  
Cherif Larouci 
  
Modeling and multi-objective optimization of an Electronic Throttle in open-loop

Keywords: Electronic Throttle, Mechatronic modeling, Mutliobjective optimization, Modelica, ModelCenter

 

I. INTRODUCTION

A mechatronic system commonly consists of an actuator, a transmission, a load and a control system with sensors. Generally, the system design and the controller design are developed and optimized simultaneously. However, a badly designed mechanical system will never be able to give a good performance by adding a good controller [START_REF] Van Amerongen | Mechatronic design[END_REF]. Therefore, it's recommended to make a preliminary optimization of the physical system at an early stage before adding the control system. This will allow the user to get a first idea about the performance of the system and the coherence of the model. To illustrate this methodology, the Electronic Throttle (ET) will be used to establish the optimal system configuration in open loop.

In recent years, research in the ET system and related areas has been very active. The research challenge lies mainly in nonlinearity characteristic of the system caused by the friction and the failsafe mechanism, the unknown parameters identification and the controller design.

Many authors have examined the area of modeling and identification and presented analytical models of the ET [START_REF] Loh | Electronic throttle control system: modeling, identification and model-based control designs[END_REF]. A graphical modeling approach of the ET with Modelica is presented in this paper.

In [START_REF] Zhang | LPV Modeling and Mixed Constrained Control of an Electronic Throttle[END_REF], a friction model is presented based on Coulomb model. A friction dynamic model has been considered in [START_REF] Vašak | State estimation of an electronic throttle body[END_REF] making it more effective.

In another study [START_REF] Chen | Servo control design for electronic throttle valve with nonlinear spring effect[END_REF], the author presented the dual spring system of failsafe as a set of linear functions. This representation does not take into account the failsafe technology.

The control strategy was also threated in numerous papers. An adaptive servo control strategy has been pointed out in [START_REF] Jiao | An adaptive servo control strategy for automotive electronic throttle and experimental validation[END_REF] and a variable structure controller in [START_REF] Pan | Variable-structure control of electronic throttle valve. Industrial Electronics[END_REF]. These studies contain useful information about response time.

Another challenge is the multi-objective optimization of mechatronic systems. Two techniques are currently used, the first is by aggregating all the criteria in one multi-criteria indicator [START_REF] Hammadi | A new multi-criteria indicator for mechatronic system performance evaluation in preliminary design level[END_REF]. The second method is to keep the criteria independent and try to find a Pareto Front.

In this paper, the failsafe technology and the backlash effect of the gear stop are addressed by using Modelica language. The ET model is then connected to ModelCenter to perform a multi-objective optimization separately from the controller.

The paper is therefore organized as following; in section 2 we present globally the ET. In section 3, we consider the system modeling based on the cited methodology with a focus on using the technology early in the preliminary design. In section 4, we propose an optimization scenario in open loop and we discuss the results. The paper is concluded in section 5.

II. SYSTEM DESCRIPTION

Throttle actuator was a mechanical driven valve linked to the accelerator pedal by a cable. In modern models, this system is replaced by an Electronic Throttle (ET) directly related to the Electronic Controller Unit (ECU). The combustion engine torque is proportional to the air flow into the cylinders. Therefore, controlling the airflow with the ET implies controlling the torque and introducing improvements in vehicle emissions and drivability. [START_REF] Scattolini | Modeling and identification of an electromechanical internal combustion engine throttle body[END_REF] In this paper, we study ET for spark ignition engines which are produced by Bosch and Valeo for example. The system consists of a DC motor, a gearbox, a failsafe system with two springs and a position sensor for ECU control as shown in Figure 1. 

III. ET SYSTEM MODELING AND TECHNOLOGIES

The system will be presented up to down as following: First the mathematical model with the global architecture of the system. Then, we present our graphical modeling approach with the failsafe system and the friction.

A. Mathematic model

In this section a model for numerical simulation is detailed. The system is illustrated in Figure 2 and all the parameters and the initial values are summarized in Table 1. According to Kirchhoff's law, the DC motor circuit can be described as the following equation:
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Using to the torque balance law, the kinematic equation of the DC motor is:
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The gearbox reduction equations are:
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And finely the torque balance law is applied in the load to obtain the global kinematic equation of the ET:
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The springs torque (Ts) and the friction torque (Tf) are detailed in next paragraphs.

B. Modelica model

Several multi-domain modeling tools as Bond-Graphs, Matlab/Simulink and Modelica are used for preliminary design of a mechatronic system [START_REF] Hammadi | Multidisciplinary approach for modelling and optimization of Road Electric Vehicles in conceptual design level[END_REF]. If we use a software based on transfer functions we will lose the link with the physical parameters. And one of our objectives is to consider the physical technology in the model. Therefore, Modelica language is used for this system to keep the relation with physical parameters and architecture.

1) Global model:

The global model of the ET is presented in the Figure 3 using components from Modelica library. We can see with this graphical approach that the main physical parameters are preserved like the inertia and the stiffness of springs. Also the architecture and so the physical technology are clear. For example, the Stop of the sector gear that limits the rotation of the valve between 0° and 90° is presented with a Backlash component connected to the gear. In this way, the designer can test many architectures in an early stage. He can also realize optimization and sorting best solutions. 

2) Failsafe system:

The failsafe system acts when the control system of the ET fails. It brings the valve to a pre-defined angle (limp home position), in order to provide the necessary air flow to keep the engine running. Many technologies of failsafe system exist (one spring and two stops, two springs one stop...). We choose the solution presented in Figure 4. The limp home spring is connected to the lever and the sector gear, it acts only when the lever is in contact with the Stop. On the other hand, the main spring is connected to the sector gear and the mass. The role of the main spring (stiffness C1) is to bring the valve from open positon to limp home position. And the role of the second spring (stiffness C2) is to bring the valve from closed position to limp home position. In the two cases the equilibrium position is reached at the limp home position. The Figure 5 shows an example realized with a throttle initially positioned at 90° with 0V supply voltage. The two springs reach the equilibrium position at limp 10deg. 

IV. MODEL OPTIMIZATION AND RESULTS

A. Problem description

We are searching for the system configuration that respects the following specifications:

 The rise time (0° to 90°) should be lower than 150 ms (12V supply voltage)  The return time with the failsafe system (90° to 10°) should be lower than 300ms (0V supply voltage and open circuit)  The maximum torque of the throttle should be between 2N.m and 3.5N.m

The response time specifications may appear very fast for the application but in reality the performances would be lower because of the aerodynamic torque of the airflow. The problem presented contains two contradictory objectives because if we want to decrease the return time we should use a spring with high stiffness and this will delay the rise time. Therefore a multi-objective optimization is applied by combining Modelica with ModelCenter software. The optimization problem formulation is presented in the next table. Note that the maximum angle was added to the constraints to force the optimizer to respect the requirement full closed to full open. Furthermore, the return phase with motor is not considered here to simplify the optimization problem. This phase is tested and it is faster than the rise phase because the main spring and the motor work together.

B. Results

To carry out the optimization, Modelica was combined with ModelCenter software. And from the algorithms available in its library, we have chosen the NSGA II algorithm (Nondominating Sorting Genetic Algorithm) [START_REF] Guizani | Multidisciplinary optimization of mechatronic systems: Application to an electric vehicle[END_REF]. Since the problem is multi-objective, the solution is not unique but we obtain a set of Pareto solutions. The Pareto Front is presented in the Figure 7. For validation the solution 2 is compared with the initial set as shown in Figure 8. 

C. Discussions

After 990 iterations, the solutions found present good performances and respect the torque constraint. The rise time can attend 118ms, the return time can attend 150ms and the designer should make the compromise between these two objectives. The torque value is in the range between 2N.m and 3.5N.m and this is sufficient to overcome the resistive torques.

In industrial context, to make the best decision the designer should consider other criteria. The used design variables are related to real components (gear, motor, springs) and for an ET producer the first thing to take into account with the performance is the cost. Therefore, many other constraints should be considered in the decision like components in stock or available components from suppliers.

V. CONCLUSION

This article has presented a novel approach of preliminary design and optimization of a mechatronic system. This approach was applied successfully to an Electronic Throttle.

We first integrated the technology of the system in the preliminary design thanks to Modelica language. Then, a multiobjective optimization was performed to obtain good configurations that respect the response time requirements and the torque constraint with a low time cost.

In our further work, we will try to make experimental tests and identifications to improve the model and make more validations.
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 5 Fig. 5. Failsafe mechanism example 3) Friction model: The ET like other large-series systems present considerable friction effects. Different models are used in previous works like Coulomb model, Striebeck model and Dynamic viscous model. For lack of experimental data, a simple Coulomb model is used in this work. This friction emphasizes the nonlinearity of the system and this behavior is realized by the bearing friction component of Modelica library Figure 3.
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 6 Fig. 6. Optimization result Four points are selected with the associated design variables in the Table 3 to show that different technological solutions are possible.
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 7 Fig. 7. Comparison between optimized set and initial set

TABLE I .

 I SYSTEM PARAMETERS

				Lm	H	Inductance	0.0015
				Jm	Kg.m²	Inertia	4.8e-6
				im	A	Current	variable
				Vm θm	V deg	Voltage Motor angle	variable variable
				Gear
				Ng	-	Ratio	20
				Stop	deg	Angle interval	[0,90]
				Load
				Jl	Kg.m²	Inertia	5.6e-5
				Ts	N.m	Springs torque	variable
				Tf	N.m	Friction torque	variable
				Tl	N.m	Torque after	variable
					reduction
				C1	N.m/rad	Main spring stiffness	0.3
				C2	N.m/rad	Limp home spring	0.6
				θl	deg	stiffness Throttle angle	variable
	Parameter	Unit	Description	Value
	Motor			
	Km	N.m/A	Motor constant	0.02
	Ke	N.m.s/rad	Back emf	0.02
	Rm	Ohm	Resistance	1.5

TABLE II .

 II 

		OPTIMIZATION PROBLEM FORMULATION
		Unit	Lower	Start	Upper
			bound	value	bound
	Objectives to minimize			
	Rize_time	s	-	0.24	0.15
	Return_time	s	-	3.38	0.30
	Problem Constraints			
	Tl_max θ_max	N.m deg	2 89	1.8 90	3.5 91
	Design Variables				
	Km	N.m/A	0.01	0.02	0.08
	Rm	Ohm	1	1.5	4
	Ng	-	15	20	30
	C1	N.m/rad	0.1	0.3	1

Table 3

 3 to show that different technological solutions are possible.

TABLE III

 III 

		.	DESIGNS SET		
		Unit	1	2	3	4
	Objectives values					
	Rize_time	ms	115	119	121	134
	Return_time	ms	302	198	155	147
	Constraints values				
	Tl_max	N.m	2.0	2.8	2.1	2.3
	θ_max	deg	90	90	90	90
	Design Variables					
	Km	N.m/A	0.027	0.019	0.026	0.023
	Rm	Ohm	1.34	1.24	1.23	1.14
	Ng	-	27.35	24.66.	20.75	23.54
	C1	N.m/rad	0.56	0.67	0.73	0.80
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