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Hybrid piezoelectric and electromagnetic receiver for low frequency electrodynamic wireless transmission

This paper reports a linear model of a near-field electrodynamic wireless power transmission system that includes both an electromagnetic and a piezoelectric transducer in the power receiver. The proposed model is experimentally validated in the case of weak electromechanical couplings. The physical parameters of the model are first identified using impedance analysis performed on each transducer. The system generates 22 µW (1.3% efficiency) at 38.5 Hz with a volume of 23 cm 3 . I.

INTRODUCTION

Wireless power transmission (WPT) is of great interest for charging autonomous systems when wires or batteries cannot be used (distant and moving devices, limited autonomy, harsh environment…). Compared to energy harvesting, it has the advantage of having a controllable source of power, adding functional robustness, even though WPT consumes energy.

Many WPT technologies are commercialized (e.g. inductive coupling) or in development (capacitive or acoustic coupling) [1]. We proposed to further develop a recent technology, the electrodynamic WPT (EWPT), which operates at very low frequency (< 1 kHz) [2][3] [START_REF] Smith | IEEE 34th International Conference on Micro Electro Mechanical Systems (MEMS)[END_REF]. The power transmitter, either an ac-powered coil or a rotating magnet, creates a time-varying magnetic field around itself. The compact receiver, placed in its vicinity, consists of a moving permanent magnet attached to a mechanical suspension and an electromechanical transducer to generate power. The permanent magnet is subjected to a magnetic force or torque because of the time-varying field and therefore translates or rotates. Its mechanical energy is converted back into electrical energy by a transducer, using either piezoelectric, electrodynamic, or capacitive elements. In this paper, we present a hybrid system combining a piezoelectric transducer (PE) and an electrodynamic transducer (ED). A hybrid system has the advantage of harvesting more power in case of weakly coupled transducers, and brings more functionalities by taking advantage of each technology (e.g cold start with the piezoelectric transducer).

II. PRINCIPLE

In this paper, the EWPT receiver is an electromechanical system operating at low frequency. It consists of a resonant system made of permanent magnets attached at the tip of a cantilever beam (Figure 1). This piezoelectric beam is made of a thin piezoelectric layer embedded in FR4. The beam strain and the magnet motion are converted into electrical energy thanks to the piezoelectric layer and a receiver coil wound around the magnets, respectively. The receiver is placed at the center of 30-cm diameter Helmholtz coils (the emitter) in order to control the magnetic field. A first study was made to compare different configurations of the system, changing the type of efforts applied on the magnets (i.e. force or torque), the beam orientation and the magnet magnetization direction. It comes that, for a given current in the Helmholtz coils, the torque mode with the magnetization perpendicular to the beam generates more displacement (and thus more strain in the piezoelectric layer) than the other modes. The model of this chosen configuration is developed to predict the output power of the resonant EWPT receiver with both a piezoelectric and electrodynamic transducer. It has been validated experimentally for resistive loads, with physical parameters determined using impedance measurement and analysis.

III. THEORETICAL MODEL

A. Electrodynamic conversion and equivalent forces

The static torque 𝜏 𝑠 applied on the permanent magnets depends on the magnetic moment of the magnet 𝑚, the on-axis magnetic field 𝐵 𝑥 generated by the Helmholtz coils, the angle 𝜃 between the magnetic field 𝐵 𝑥 ⃗⃗⃗⃗ and the magnetic moment of the magnet 𝑚 ⃗⃗ , as given in equation (1).

𝜏 𝑠 = 𝑚. 𝐵 𝑥 . sin(𝜃) (1) 
The dynamic deformation of the resonant beam allows us to use an approximate equivalent force 𝐹 𝑒𝑞 [START_REF] Truong | [END_REF]:

𝐹 𝑒𝑞 = 3𝜏 𝑠 2𝐿 (2) 
with 𝐿 the length of the beam.

B. Magnetoelectric conversion

The system can be described by the coupled equations from the mechanics (3), the electrical circuit of the piezoelectric transducer (PE) (4), and the electrical circuit of the electrodynamic transducer (ED) (5) [6]. 

IV. EXPERIMENTAL VALIDATION

A. Measurement of experimental parameters

The previous model allows us to experimentally identify the mechanical and electrical characteristics of the receiver from measurements of the admittances of each of the two transducers. The beam used is the S128-J1FR-1808YB from MIDE. The receiver coil has 101 turns, an inner diameter of 10.6mm, an outer diameter of 15mm, and a height of 5.6mm. The magnet volume is 1.1cm 3 . The admittance measurement on the piezoelectric transducer is performed with the receiver coil in open circuit (i.e. 𝑖 𝐸𝐷 = 0, Figure 2), while the admittance measurement on ED is performed with PE in short circuit (i.e. 𝑢 𝑃𝐸 = 0, Figure 3). 

B. Evolution of output power

Figure 4 shows the powers from the two transducers and the total power for different output loads according to the analytical model (A) and according to experimental measurements (B). The load variation affects the equivalent stiffness of the beam and consequently the resonance frequency of the system. Therefore, for each measurement, the frequency is adjusted to be at the resonance of the system.

Model (A)

Experimental measurement (B) Fig. 4 Analytical and experimental comparisons of output powers for PE and ED transductions and total output power.

Figure 4 shows a good agreement between the analytical and the experimental output power, validating the proposed model. A maximum power of 18 µW is obtained when both transducers collect energy for an emitted power of 1.4mW. The voltages recovered at this maximum power are 0.93V for PE, and 22mV for ED. The total efficiency of the system is 1.3%.

V. CONCLUSION

This paper presents development of EWPT technology with a hybrid transduction. The model studied in this paper has been experimentally validated and allows predicting the behavior (e.g output powers and voltages, strain/displacements) of a resonant EWPT with both a piezoelectric and electromagnetic transducers. This process will be used afterwards to optimize both transducers and thus improve its ability to supply a low power sensor node in various environments.
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 1 Fig. 1 Schematic of the proposed hybrid WPT system.
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  𝑀 𝑎 . 𝑣̈= 𝐹 𝑒𝑞 + 𝐾. 𝑣 + 𝐷. 𝑣̇+ 𝛼 𝑃𝐸 . 𝑢 𝑃𝐸 + 𝛽 𝐸𝐷 . 𝑖 𝐸𝐷 𝛼 𝑃𝐸 . 𝑣̇= -𝑅 𝑙,𝑃𝐸 . 𝑢 PE -𝐶 𝑃𝐸 . 𝑢 𝑃𝐸 β𝐸𝐷 . 𝑣̇ = -𝐿 0𝑟 . . 𝑖 𝐸𝐷 -(𝑅 𝑙,𝐸𝐷 + 𝑟 𝑙𝑟 ). 𝑖 𝐸𝐷 𝑀 𝑎 , 𝐷 and 𝐾 are respectively the effective dynamic mass, the dumping coefficient and the stiffness of the beam without electrical effects. 𝑅 𝑙,𝑃𝐸 and 𝑅 𝑙,𝐸𝐷 , are the resistive loads applied to the outputs of the two transducers. 𝛼 𝑃𝐸 and 𝐶 𝑃𝐸 are the piezoelectric transduction coefficient and the piezoelectric capacitance. 𝛽 𝐸𝐷 , 𝐿 0𝑟 and 𝑟 𝑙𝑟 are the electrodynamic transduction coefficients, the receiver coil inductance and the receiver coil resistance respectively. This model does not take the dielectric losses in the piezoelectric material into account, which can be neglected. The powers on resistive load are:

Fig. 2

 2 Fig. 2 PE admittance and model matching (3V).

Fig. 3

 3 Fig. 3 ED admittance and model matching (40mV).