3D Analytical Model of Servovalve Torque Motor Using Reluctance Network
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I. INTRODUCTION

HE PURPOSE of the study is to present a more accurate analytical model of a torque motor which is commonly used in electrohydraulic servovalves. The idea is to use, in a future work, this model in a torque motor design optimization process. The proposed method reduces the simulation time of motor performance analysis compared to a finite element software. The difficulty in implementing such a model lies in the need to represent a 3D actuator which has many flux leakages as shown in Fig. 1. A reluctance model which takes into account the 3D geometry of the actuator is proposed.

Several studies have already been carried out. Merritt [START_REF] Merritt | Hydraulic Control Systems[END_REF] developed a simple analytical model of the actuator electromagnetic behavior which is still widely used. However, this model is not accurate as neither the magnet reluctance nor the leakage reluctances are taken into account. Urata [START_REF] Urata | On the torque generated in a servo valve torque motor using permanent magnets[END_REF], Liu [START_REF] Liu | Influence of magnetic reluctances of magnetic elements on servo valve torque motors[END_REF], Zhang [START_REF] Zhang | High Torque Density Torque Motor With Hybrid Magnetization Pole Arrays for Jet Pipe Servo Valve[END_REF] have improved it by integrating the magnetic characteristics of the magnet, flux leakages and the permeability of the yokes. These latter models which require a recalibration with experimental data, cannot be used in an optimization process. The electromagnetic operating principle of the actuator has been extensively developed in [START_REF] Merritt | Hydraulic Control Systems[END_REF]- [START_REF] Zhang | High Torque Density Torque Motor With Hybrid Magnetization Pole Arrays for Jet Pipe Servo Valve[END_REF]. Briefly, it is based on the interaction between the magnetic field created by the magnets and the coils respectively on the fixed and on the moving part.

II. DEVELOPED ANALYTICAL MODEL

The reluctance model presented in Fig. 2 is based on the Ampere theorem and the Maxwell-Thomson equation. The reluctances ℛ 𝑝𝑠𝑝𝑠 , ℛ 𝑝𝑠𝑎 and ℛ 𝑝𝑚 are the reluctances characterizing the air leakage paths. The leakage between pole shoes ℛ 𝑝𝑠𝑝𝑠 does not depend on the position of the armature, while the leakage between pole shoe and armature ℛ 𝑝𝑠𝑎 does. The iron reluctance is assumed to be infinite as magnetic induction obtained with JMAG ® remains far below saturation. The proposed model of the magnet is based on that introduced in [START_REF] Urata | On the torque generated in a servo valve torque motor using permanent magnets[END_REF]. The magnet along its magnetization axis does not have a constant magnetic field. A discretization into three sections is proposed. The reluctance ℛ 𝑝𝑚 associated with the leakage of the magnet is determined analytically according to the shape of the magnets embedded in the actuator.

The discontinuity relation of the tangential component of the magnetic field 𝐻 ⃗ ⃗ on either side of the boundary between two distinct materials A and B is given by equation ( 1) where 𝐽 𝑠 is the current density at the interface.

(𝐻 𝐴 ⃗⃗⃗⃗ -𝐻 𝐵 ⃗⃗⃗⃗⃗ ) × 𝑛 𝐴𝐵 ⃗⃗⃗⃗⃗⃗ = 𝐽 𝑠 ⃗⃗⃗ (1) In our case, it is assumed that the flux leakage does not cross any current sheet at the interfaces. It is therefore normal to the T flow area for ℛ 𝑝𝑠𝑝𝑠 and ℛ 𝑝𝑠𝑎 . In order to identify the value of each reluctance, it is necessary to know the length and the area of its flux tube. To simplify the study, it is assumed (a) that the flow area varies linearly between the starting area 𝑆 1 and the finishing area 𝑆 2 of the flux in the iron, (b) that the leakage paths can be modelled by an ellipse ℰ in the space respecting the flux condition (1).

The direction vector normal to the surface 𝑆 𝑖 , 𝑁 𝑖 ⃗⃗⃗ = (𝑎 𝑖 𝑏 𝑖 𝑐 𝑖 ), the position of the studied point on the leakage line 𝑋 𝑖 = ( 𝑥 𝑖 𝑦 𝑖 𝑧 𝑖) and the direction vector of the ellipse ℰ on 𝑋 𝑖 , 𝛼 𝑋 𝑖 ⃗⃗⃗⃗⃗ are considered. The following equations can be laid regarding to the set of assumptions above:

{ 𝑁 1 ⃗⃗⃗⃗ ∧ 𝛼 𝑋 1 = 0 ⃗ 𝑎𝑛𝑑 𝑁 2 ⃗⃗⃗⃗ ∧ 𝛼 𝑋 2 = 0 ⃗ ((𝑥 1 -𝑢) cos 𝜃 + (𝑦 1 -𝑣) sin 𝜃) 2 𝑎 2 + (𝑧 1 -𝑤) 2 𝑏 2 = 1 ((𝑥 2 -𝑢) cos 𝜃 + (𝑦 2 -𝑣) sin 𝜃) 2 𝑎 2 + (𝑧 2 -𝑤) 2 𝑏 2 = 1 cos 𝜃 (𝑦 1 -𝑣) = sin 𝜃 (𝑥 1 -𝑢) cos 𝜃 (𝑦 2 -𝑣) = sin 𝜃 (𝑥 2 -𝑢) (2)
In this strongly nonlinear system, the parameters of the ellipse are unknown: (a,b,θ,u,v,w). This methodology is applied to each surface of the actuator. For a given surface, the points 𝑋 𝑖 to be considered are the points that bound the surface in its outer contour.

In some special cases, solving (2) leads to an infinite number of solutions as in Fig. 3. To ensure the uniqueness of the final solution, in the context of a performance characterization, all cases are reduced to an average equivalent case. The positions of the ellipse centers are bounded according to geometrical considerations on the actuator or the resolution of the borderline case of (2). Solving problem (2) allows to determine an ellipse arc perimeter associated with the length of the flux tube and provides its section. From these results, the reluctances can be deduced. Further details will be given in the full paper.

III. VALIDATION AND CONCLUSION

From the Maxwell tensor, the force applied to the surface S of the armature can be expressed as follows:

𝐹 𝑛 = 1 2 𝛷 2 (𝜇 0 𝑆) ⁄ ( 3 
)
It should be noted that some parts of the leakage flux contribute to the electromagnetic torque.

The analytical torque determined by the described method is compared to that determined by JMAG ® as depicted in Fig. 4. The nominal current is injected into the coils. The gap is calculated as follows: (Γ Model (𝜃) -Γ JMAG (𝜃)) Γ JMAG (3°) ⁄ . Fig. 4. Torque modeling compared to JMAG ® simulation at nominal current As shown in Fig. 4, the maximum gap observed between JMAG ® simulation and the different analytical models are: 403% (in blue at 3°), 264% (in red at 3°), 52% (in yellow at 3°) and 16% (in purple at -3°). Finally, the 4 th model (Fig. 2) gives the best result and might be exploited in an optimization process.

The torque is linearized as follows: Γ = 𝐾 𝑖 𝐼 + 𝐾 𝜃 𝜃 with the coefficients 𝐾 𝑖 and 𝐾 𝜃 given in Tab. 1 (even if, at high angle, the torque motor tends to have a nonlinear behavior). The JMAG ® simulation is done with the largest possible mesh size in order to limit the calculation time without loss of accuracy. The developed method allows to converge to the JMAG ® results with a much lower simulation time (up to 19 times faster for characterization time). The 4 th method provides the best compromise between accuracy and calculation time.
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 1 Accuracy and CPU time of the different methods describe in Fig.4