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We report the design, the simulation and the characterization of a 13.56 MHz inductive coupling wireless power transfer (WPT) system based on a class E inverter. The main benefit of a class E WPT system is the small amount of components needed while achieving good efficiency. An analytical model of the system is proposed and a new design method is reported. The fabricated system shows an efficiency of 76 % for a transmitted power of 3.4 W.

I. INTRODUCTION

Wireless power transfer (WPT) is widely used to remotely power autonomous systems in applications where no contact is required or desired (phone, drone, car…) [START_REF] Barman | Wireless powering by magnetic resonant coupling: Recent trends in wireless power transfer system and its applications[END_REF]. WPT is also used for non-mating connectors to avoid electrical contact corrosion or wear in harsh industrial settings for example [START_REF] Benjestorf | A New Trend In Connectivity: Sharing content over multiple channels[END_REF]. Resonant inductive coupling is one method widely used to efficiently transfer energy from a transmitter coil to a receiver coil [START_REF] Okoyeigbo | Wireless power transfer: a review[END_REF]. An inductive resonant WPT system is composed of a DC power supply, an inverter, a coupler, a rectifier and a load [START_REF] Chatterjee | Design Optimisation for an Efficient Wireless Power Transfer System for Electric Vehicles[END_REF]. The system is highly dependent of the inverter as it provides the high frequency signal matched with the resonant coupler. However, at multi-MHz frequencies, inverters are complex to design because of the parasitic components. In this paper, the design, the simulation and the characterization of a WPT system based on a 13.56 MHz class E inverter are presented.

II. CLASS E DESIGN

A. Basics on class E inverters

A class E inverter (Fig. 1) is composed of:

 A choke inductor L choke to get DC current  A switch S 1 to generate the AC signal at f 0  A capacitor C 1 and an inductor L 1 to enable zerovoltage switching (ZVS)  A capacitor C 2 and an inductor L 2 to create a resonance at the given frequency f 0  A load resistor R.

Fig. 1. Schematic of a class E inverter

The switch S 1 is driven at f 0 with a duty cycle D . The components C 1 and L 1 are set to achieve ZVS with [START_REF] Kazimierczuk | Resonant dc/dc converter with Class-E inverter and Class-E rectifier[END_REF]:

C 1 = (1 -D)[π(1 -D) cos(πD) + sin(πD)] ωR tan(πD + ϕ) sin(πD) (1) 
L 1 = (2π 2 (1 -D)C 1 ω 2 ) -1 × [2(1 -D) 2 π 2 -1 + 2 cos(ϕ) cos(2πD + ϕ) -cos(2πD + 2ϕ) (cos(2πD) -π(1 -D) sin(2πD))] (2) 
with ω = 2πf 0 the switching pulsation of the class E inverter, and ϕ the phase given by :

ϕ = π + arctan ( 2πD -1 2π(1 -D) + sin(2πD) ) (3) 
L 2 and C 2 are linked by the following equation:

ω 0 = 1 √L 2 C 2 (4)

B. Theory of a class E WPT system

A class E WPT system can either integrate an impedance matching network or use the transmitter coil as the inductors L 1 and L 2 (Fig. 2). This last case is used in this work to mutualize the coil, reduce the amount of component and the size of the system. The coupler efficiency can be estimated by: η coupler = R lossless R with R lossless the load resistance on the equivalent class E inverter with the assumption of a lossless coupler. In a second time, the class E inverter, considered perfect in the analytical model, is designed based on the coupler parameters and previous equations and conditions. To simplify this work, a working load of R Load = 50 Ω and a duty cycle of D = 0.5 are selected. In this case, the equations (1), ( 2) and ( 4) only depend on C Rx . Because the coupler is highly coupled, it is important to monitor the impedance at the second harmonic as frequency splitting may appear [START_REF] Niu | Exact Analysis of Frequency Splitting Phenomena of Contactless Power Transfer Systems[END_REF]. Also, the switch is a GaN transistor (GS61004B from GaN Systems) presenting a high parasitic capacitance C oss depending on the voltage ( 300 pF around 0 V, 150 pF around 20 V). Therefore, C 1 has to be chosen high enough to neglect C oss variations (C oss ≪ C 1 ). An acceptable compromise is found for C Rx = 135 pF with a coupler theoretical efficiency η coupler of 87. , with the precise model of the GaN and its parasitic capacitance). The simulated efficiency of the system η system is 77.4 % , with losses occurring mainly in the coupler (50 %) and the switch (20 %) (Table 1). The losses in the switch are due to the on-resistance of S 1 , which increases with the heat in the component. It is therefore necessary to pay particular attention to the thermal dissipation of this component.

IV. RESULTS AND DISCUSSIONS

The class E WPT circuit (Fig. 5) is built using the coupler, the class E inverter (Fig. 4) and a second PCB with C Rx and R Load . It is studied at low voltages (V in ≤ 5 V) to prevent overheating and failure of the GaN transistor as heat dissipation elements were not taken into account during modeling.

Fig. 5. Class E WPT circuit Measurements are made using isolated probes. This circuit presents a total efficiency of 76.0 % for an output power of 3.42 W. As shown in Table 2, measurements are in good agreement with the simulations. .0 % The gap with the analytical model is greater since it does not take into account losses of the class E and its components. Therefore, it is primarily used to globally dimension the circuit, while simulations are used to refine the model and the operating point.

V. CONCLUSION AND PROSPECTS

We present in this paper the design of a 13.56 MHz class E WPT system transmitting 3.4 W at 76 % efficiency. A new design guide for multi-MHz WPT systems is proposed based on an analytical model. Precise EM simulations are performed to finely optimize the choice of components. Measurements performed on a fabricated prototype show a good agreement with the simulations. The next steps are to characterize the system at higher voltages, optimize the coupler in order to increase the efficiency and include the losses of the class E in the analytical model.

Fig. 2 .

 2 Fig. 2. Proposed class E WPT system Equivalences can be made between the class E inverter and the WPT circuit. The load R in the equivalent class E inverter (Fig. 1) is composed of the real part of the reflected impedance from the secondary side of the coupler (Rx) and the losses of the transmitting coil (Tx): R = R Tx + R reflected (5) Likewise, L 1 and L 2 depend on the Tx coil impedance and the imaginary part of the reflected impedance: L 1 + L 2 = L Tx + X reflected ω (6) C. Design of a class E WPT system In a first time, the coupler is designed based on constraints from the application (topology, size…) and in order to achieve a high coupling with low losses and parasitic capacitances. The coupler used in this work (Fig. 3) is composed of a 16.0-mm-long 21.0-mm-wide transmitter coil (L Tx = 385 nH, R Tx = 0.27 Ω) and a concentric 13.4-mmlong 15.0-mm-wide receiver coil ( L Rx = 255 nH , R Rx = 0.18 Ω ) with a coupling k of 59 % and low parasitic capacitances C p = 5 pF.

Fig. 3 .

 3 Fig. 3. Tx and Rx coils (a), assembled coupler (b)

  3 % . Such parameters lead to C 1 = 979 pF, R = 2.20 Ω and L 1 + L 2 = 421 nH. III. SIMULATIONS A. EM simulations Simple Spice simulations using the spice model of the GaN transistor and the 2 port S-parameter model of the coupler are not accurate enough because of the high operating frequency and parasitic elements in the PCB. Therefore, EM simulations are first performed to model the circuit presented in Fig. 4 on PePro from ADS Keysight.

Fig. 4 .

 4 Fig. 4. PCB of the class E inverter B. Spice Simulations S-matrices extracted from PePro simulations and components characteristics obtained from datasheet or measurements with a high frequency impedance analyzer are used to build a Spice model on ADS Keysight. The simulation allows us to improve performance by slightly changing the values of the components (for example C 1, with the precise model of the GaN and its parasitic capacitance). The simulated efficiency of the system η system is 77.4 % , with losses occurring mainly in the coupler (50 %) and the switch (20 %) (Table1).

Table 1

 1 

				Losses repartition
		L c	S 1	C 1 C Tx C coupler C Rx PCB
	Losses (%)	3.9 19.9 3.1 15.4 49.6	0.3	7.8

Table 2

 2 Comparison of simulations with measurements for V in = 5 V

		P in	P out	η system
	Theory	6.55 W	5.73 W	87.3 %
	Simulations	4.24 W	3.30 W	77.8 %
	Measurements	4.50 W	3.42 W	76