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Abstract

Class EF inverters have been widely used recently as primary coil drivers for wireless power transfer
applications since they achieve constant output current across a range of link coupling factor values. As the
operating frequency that the inductive link is tuned at increases the traditional circuit design techniques that
are based on first order calculations fail to represent the inverter behaviour accurately. In this paper, we
present a novel method of modelling Class EF inverters that is based on state space representation of the
circuit and thus providing the highest accuracy possible. Our method consists of a combination of analytical
and numerical calculations in such manner that any parasitic component of the circuit, such as the nonlinear
output capacitance of a power switch, can be included in the tuning process.

Methodology outline

In this paper we present a general method for designing Class EF inverters (Fig. 1) as primary coil drivers
for wireless power transfer applications. The design algorithm consists of three main calculation parts as
shown in Fig. 2. The process in the first part is a combination of the methods described in [1] and [2]. The
second and third part are numerical and use the state space representation of the circuit with the inclusion of
the effect of parasitic components. The output of the calculation process is the component values of the
circuit and the voltage and current waveforms. The arithmetic calculations in the second part of the algorithm
are a combination of Newton’s method with gradient descent and the third part uses 4" order Runge-Kutta
and Bisection method specially designed and adapted for the convergence requirements of our use case. Our
method achieves high operation efficiency compared to what can be found in the literature (Table 2).
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Fig. 1. EF inverter with the state space variables shown and the switch modelled as variable resistance in parallel to a
voltage dependent capacitance.

Technical details

The tuning process of the inverter circuit begins by determining the output requirements of the IPT link,
which are the output power (P,), the total combined reflected load (R.) and the switching frequency (f). Then,
the desired values for the normalised tuning frequency of the ¢ branch (z,), duty cycle (D), output to input
current ratio (A) and primary coil inductance value (Ls1) are chosen. Table 1 contains the numerical values of
the input parameters which were taken from the setup described in [3].
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Fig. 2. EF inverter with the state space variables shown and the switch modelled as variable resistance in parallel to a
voltage dependent capacitance.
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Table 1. Input parameters with corresponding numerical values of the tuning
algorithm.
Requirements Conditions
Quantity Value Unit Quantity | Value Unit
Po 150 | W Ty 2 -
RL 6|Q D 30 | %
f 13.56 | MHz A 5]-

The boundary conditions of the EF branch originate from the continuity requirements during switching are
described by (1). The residual output impedance was calculated numerically by applying Fourier analysis to
the output signal.
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Then we use a a modified Newton-Raphson method to compute a set of components in the EF inverter that
satisfies the required external operation conditions, which involve the behavior of the output current and the
drain voltage and current. We use the sine fitting method described in [4] and the Jacobian is computed by
the estimation technique in [5].

Finally, we compensate for the voltage dependent output capacitor of the switching device with a sigmoid
approximation:

U-L 2
Cosss (uDS): L+1+e—f(UDs—Xo) ( )
where L, U, r and xo are fitting parameters. Since the circuit description in state space with the inclusion of
Coss is non-linear and there is no direct analytical solution, it is solved numerically by using the 4" order
Runge-Kutta iterative method. It is repeatedly solved during one period, until the boundary conditions are
satisfied to the required tolerance.

We evaluated our model with an LTspice simulation. The circuit that was simulated is shown in Figure 3.
The resulting waveforms are plotted in Figure 4. Our model has successfully incorporated the effect of the
actual switching device and the two sets of waveforms agree highly.
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.option temp=25; Set Tj

.four 13.56e6 10 1000 V(n003)

.four 13.56e6 10 1000 I(RI)

.options plotwinsize=0

.options numdgt=7

.tran 0 {2000/13.56e6} {0/13.56e6} {1e-3/13.56e6}
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Fig. 3. LTspice circuit for evaluating the final EF model.
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Fig. 4. State space solution with components from iterative tuning including the effect of Cess (solid blue line) and
corresponding LTspice simulation with the GS66504B of Gan Systems switching device model (dashed orange line).

Table 2.Comparison between our design approach
(left) and the one described in [2] (right) for a 150 W
load.

Louepe 0.673 12.632 LA
THD;, . 1.195 7.597 %

P 152.811 142.044 W

n 99.097 89.558 %

Summary

In this paper we described a novel way of calculation for the electrical component values of Class EF
inverters for wireless power transfer applications. Our method includes a variety of techniques to achieve the
highest accuracy possible with the corresponding experimental setup, going beyond just the typical first
order approximation. Comparison with LTspice simulation and the results from the existing literature
confirm that the complexity that our approach introduces to the calculating process provides higher level of

accuracy.
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Future work involves the description of the measurement method of the component values for these high
frequency applications so that our theoretical results are as close as possible with the experimental setup.
Possibly a calibration of the theoretical tuning method to the experimental data will be required. Our goal is
to define a straight forward and automated inverter tuning method with minimum amount of manual
adjustment needed.
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