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Control analysis of an electropneumatic actuator with full convection model: toward minimum energy actuation

INTRODUCTION

For pneumatic applications, the overall energy balance must be made in terms of power consumption of the compressor supplying the fluid. In hydraulic and electric applications, energy consumption can easily be evaluated but, when dealing with compressible fluids [START_REF] Andersen | The analysis and design of pneumatic systems[END_REF][START_REF] Cloy | Control of Fluid Power: Analysis and Design[END_REF][START_REF] Zalmanzon | Components for pneumatic control instruments[END_REF], the energy is related to mass flow rate [START_REF]International Standard ISO 6358[END_REF] but also to temperature [START_REF] Kagawa | Effective area measurement method using isothermal chamber[END_REF][START_REF] Kawashima | Instantaneous flow rate measurement of ideal gases[END_REF]. However, temperature measurement is still a bottleneck in terms of time constant in regard with the dynamic of the actuation and the modeling of heat transfer behavior is usually drastically simplified.

Recent works on modeling heat transfer in reservoir have resulted in simulation models with detailed convection phenomena according to air flow behavior [START_REF] Kawashima | Instantaneous flow rate measurement of ideal gases[END_REF][START_REF] De Giorgi | Using inverse models for determining orifices mass flow rate characteristics[END_REF]. These models have been validated experimentally in different configurations and air flow conditions. One of the main interests of these results is that the real energy consumption can now be evaluated on line and in real time using state observers based on cheap and large bandwidth measurement equipments as pressure sensors.

The aim of this work is to explore the interest of temperature dynamic in the synthesis of the control law in order to tackle different drawbacks of electropneumatic actuation such as stick-slip [START_REF]Study of "Sticking and restarting phenomenon" in electropneumatic positioning systems[END_REF] and energy efficiency. Consequently, a model with full heat transfer phenomena and temperature dynamic is proposed. Then, this model is used to perform the synthesis of linear laws taking into account these phenomena.

Figure 1: Experimental rig

The first section is dedicated to the modeling of the system where a model taking into account a full convection model for air in the cylinder is proposed.

Then the next sections focus on the comparison of two modeling approaches: the first model is based on the classical polytropic hypothesis, whereas the second model takes into account heat exchanges. The first step consists in the comparison of the open-loop dynamic of the linearized models according to piston position. A state feedback control is then designed for each model. This enables the comparison of the system behavior according to the model used for the control synthesis. In this last part, a virtual prototype of the actuator is used and the results are discussed in terms of temperature evolution and energetic performances.

SYSTEM MODELING

The experimental bench (Fig. 1 and2) is an in-line electropneumatic servodrive controlled by two threeway servo-distributors.

Mechanical part:

The stroke length is half a meter and the total moving load is 17 kg. The electropneumatic system model uses classical assumptions [START_REF] Shearer | Study of pneumatic processes in the continuous control of motion with compressed air. Parts I and II[END_REF]: by considering the pressure behavior in a chamber with variable volume and the mechanical equation which includes pressure force, viscous friction and dry friction ( f F ) and an external force ( ext F ) due to atmospheric pressure. Using the theory of multi-scale systems, the dynamics of the servo-valves can be neglected [START_REF]Study of "Sticking and restarting phenomenon" in electropneumatic positioning systems[END_REF]. Then the model can be reduced to a static characteristic for given supply and exhaust pressures and is described by two relationships ( )

P P mP u P q ,
and ( )

N N mN u P q ,
between the mass flow rates mP q and mN q , the input voltages P u and N u , and the output pressures P P and N P .

The following assumptions are taken into account for establishing the thermodynamic model: -air is a perfect gas, -pressure and temperature are homogenous in the chambers, -kinetic and gravitational energy of the fluid, as well as viscous work and cylinder flow leakages are considered as negligible. The thermodynamic model obtained by applying the thermodynamic principles and mass conservation is defined as follow: 
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Thermal Exchange:

The thermal exchange from the gas in each chamber and the cylinder is developed. The proposed macroscopic model is based on the dimensional analysis theory and takes into account free-forced convection phenomena as well as wall thermal conduction. The model gives the equivalent macroscopic temperature in a chamber according to chamber state, flow conditions, and external temperature. It has been validated experimentally for charge and discharge tests, which justify the proposed estimation.
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where ( ) y A is the heat exchange area between gas and walls according to the piston position, and ( ) P T ,  is the heat transfer coefficient obtained using the dimensionless number listed below :

-Nusselt number,
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3 2 2 2 0 3 T r P T T gD Gr  - = -Prandtl number, air p k c  = Pr
In this relations,  and ' are coefficient experimentally determined and D is a characteristic length for the convection phenomena. In the pressure and temperature range for this application, the Prandtl number for the gas can be considered as constant. Then, the heat transfer coefficient can be expressed for each chamber as:
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Using ( 3) and ( 5) enables the substitution in ( 2) and ( 4) of the natural state variables (internal energy and mass) by pressure and temperature in each chamber. The obtained model has 6 state variables and is given by the following equations: 
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EQUILIBRIUM SET AND LINEARIZED MODEL

The previous physical model of the electropneumatic system is too complex for an analytic approach. A linearized model has to be established first for analyzing the modal characteristic of the model, and second for the synthesis of a state feedback control law. Let us assume that:

-the heat transfer coefficient is nearly constant at equilibrium, -the mass flow rate characteristic of the servovalve is not depending on the temperature and is given by:
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For a single input non-linear model ( )

u x f x , = 
, the equilibrium set is defined by
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. In our case the equilibrium set can be deduced from ( 9 

The linearized model is then defined by ( 12) using following notations for the flow characteristics of the servovalve around the equilibrium point:
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In most of the cases, for control purposes, the thermodynamic transformation of the gas in the cylinder is assumed to be polytropic and heat transfer with walls is neglected. Taking into account those simplifications, it allows the reduction of the model to a 4 th order model defined by [START_REF] Franklein | Feedback control of dynamic systems[END_REF]. The two models can now be compared analytically according to the formulation shown bellow. 
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OPEN LOOP STABILITY

In this section a comparative study of both 4 th and 6 th order open loop systems is presented. In linear system, poles have influence on stability system response, transient response and bandwidth. For both linearized models ( 12) and ( 14), the stability can be analyzed according to the considered equilibrium state [START_REF] Shearer | Study of pneumatic processes in the continuous control of motion with compressed air. Parts I and II[END_REF], which depends on pressures and piston position. Here the polytropic index k has been set equal to 1.2 in the polytropic model [START_REF] Franklein | Feedback control of dynamic systems[END_REF]; this value is generally the one used for control purposes as it gives a good approximation of the cylinder dynamic in most of the cases. Fig. 3 and4 show respectively the evolution of the poles of the 4 th and 6 th order models for different piston positions. Fig. 5 presents a comparison of the dynamic of the poles calculated at middle stroke. These two figures show clearly that the piston position plays a crucial role on the system dynamic. We can also remark that poles at ymin and ymax are naturally not identical since the cylinder has a rod on only one side and the chambers are consequently non symmetrical. The influence of the temperature dynamic can clearly be observed with the two new real poles at low frequency, but also because it changes the location of the other poles. These changes are more clearly shown on Fig. 5 where the dynamic of the poles calculated at middle stroke is compared for both models. It can concluded that classical hypothesis that states that the temperature dynamic can be neglected is not so obvious. All the dynamics are of the same order of magnitude. Nevertheless, the polytropic model with a polytropic index k = 1.2 seems to catch properly the main effects.

In the next section, basic control laws are designed in order to outline the differences between the two approaches (models).

STATE FEEDBACK CONTROL LAW

The position control of pneumatic actuators has widely been studied and many linear and non linear techniques have been successfully applied [START_REF] Bachmann | On design and performance of a closed circuit pneumatic positioning system[END_REF][START_REF] Richard | Comparison between Linear and Nonlinear control of an eletropneumatic servodrive[END_REF][START_REF] Brun | Control of an electropneumatic actuator, comparison between some linear and nonlinear control laws[END_REF]. Our goal is not here to design a control law leading to high performances, but rather to consider a linear control approach, such as state feedback, that allows all the information provided by the model to be taken into account, and the system to be studied in the linear domain. Of course, the implementation of such a control law is not considered here, as feedback on all states is not realistic on real systems, especially for temperatures.

In this section, the state feedback control law with pole placement is synthesized in order to reach about the same kind of step response for both linearized models. For the polytropic model, the polytropic index k is set equal to 1.2, and for the model taking into account the temperature dynamic, the heat exchange coefficient is fixed to 15 J/s/m 2 /K. The first step in the pole placement approach is to define the pole locations for the closed loop. For high order system, which cannot be approximated by second order systems (it is the case here, especially at half- stroke), this choice can be complex. The ITAE [START_REF] Franklein | Feedback control of dynamic systems[END_REF] is one of the techniques that can be applied at the pole selection step. In our case, in order to avoid command saturation, the following closed loop pole locations have been chosen: w , the open-loop natural frequency.

Prototype
From the state feedback control defined as

x K u    - =
, the chosen closed loop poles are also the eigenvalues of the closed loop state matrix ( ) BK A -. This leads to the following feedback gain matrix K for both models at half-stroke.

The state feedback gains can also be calculated for different piston positions. Fig. 4 and5 show the pole evolution in closed loop for the 4 th and 6 th order models with the choice made for each model. 

SIMULATION

In order to compare the two synthesized control laws, a simulation model of the actuator has been implemented in the LMS Imagine.Lab AMESim (Fig. 8). This model takes into account several phenomena, which have been neglected at the control design step:

-the heat transfer coefficient is variable according to (8), -dry friction with Stribeck effects is considered: stiction force is equal to 50 N, and Coulomb friction force is equal to 30 N, -leakages between chambers are taken into account, -the dynamic and the real flow characteristics [START_REF] Belgharbi | Analytical model of the flow stage of a pneumatic servo-distributor for simulation and nonlinear control[END_REF] of the servovalves are fully modeled. 

CONCLUSION

In this paper, we have shown that it could be worth to take into account the temperature dynamic for the design of the control law. First, the influence of temperature dynamic is significant; second, it leads to a better control of the system. The simulations have shown that neither the polytropic approach, neither a model with a constant heat exchange coefficient can properly represent the temperature magnitude or dynamic. This type of approach allows now the energy efficiency problem to be studied in details. Further works should now revisit energy efficient control law, which have already been discussed in previous work [START_REF] Brun | Limited energy consumption in positioning control of electropneumatic actuator[END_REF]; thermal share could be an answer to the minimization of energy.

On the proposed model basis, the adequate path planning can be developed and the choice of the structure of the system can also be questioned, for example in terms of energy recovery. This development will however require more advanced control strategy, such as flatness theory or backstepping control techniques [START_REF] Isidori | Nonlinear control systems[END_REF][START_REF] Smaoui | A study on tracking position control of an electropneumatic system using backstepping design[END_REF].
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 2 Figure 2: Scheme and notation

  the three last equations in[START_REF] Shearer | Study of pneumatic processes in the continuous control of motion with compressed air. Parts I and II[END_REF] using the mass flow rate characteristic of the servovalve. Let us note the variations in a neighborhood of the equilibrium set as:
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 34 Figure 3: Pole evolution in open loop for the 4 th order model at different equilibrium position
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 8 Figure 8: AMESim model
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 9101111 Figure 9: Comparison of the piston displacement for step inputs with the same control law
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