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Abstract—This paper presents the development and charac-
terisation of an inductive link to assess and compare inductive
power transfer (IPT) systems that operate at 6.78 or 13.56 MHz.
First, the properties of two equal air-core coils were obtained
from simulations and corroborated experimentally. Then, the
coupling factor between the coils was calculated in function of
separation and misalignment. A receiving-end circuit, comprised
of a capacitance and a resistive load, was also characterised in
order to reflect different loads to the transmitter at different
tunings and couplings, and therefore represent the effects pro-
duced by changes in coupling and variations in the rectifier’s
input impedance. The link was tested, firstly using a Class E
inverter and then a load-independent Class EF inverter, both at
power levels lower than 200 W. The reflected load was changed
by altering coupling, and the tuning capacitance. A comparison
between these inverter topologies handling highly reactive loads
is shown here for the first time.

I. INTRODUCTION

A two coil IPT system can be modelled as two separate
circuits, shown in Fig. 1, where the coils are linked by the
coupling factor (k):

k =
Mps√
LpLs

. (1)

Here Lp and Ls are the respective self inductances of the trans-
mitting and receiving coils, and Mps is the mutual inductance.

When no magnetically permeable materials are used to
direct the magnetic flux in an IPT-link, k strictly depends on
the alignment and separation of the coils [1], and therefore
granting spatial freedom to the load entails operating at a broad
range in k. Systems using multiple air-core coils, e.g. [2], [3],
can operate at narrower ranges in k whilst granting spatial
freedom, however requiring multiple transmitting coils and
drive circuits is inconvenient. Operating at broad ranges in k is
challenging not only because changes in coupling can severely
affect the end-to-end efficiency of the system, but because
regulating the output power, which is necessary in most
applications, also produces changes on the input resistance
and reactance of the rectifier at the receiving end [4].

Very few multi-MHz IPT systems capable of operating
efficiently at broad ranges of k whilst having a regulated output
power can be found in literature. For example, in our previous
works [5], [6], we presented a drone without a battery that can
hover over a 13.56 MHz IPT charging pad at a range of motion
corresponding to a range of k of 5 % to 20 %. An interesting
feature of that case study is that the only control loop present
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Fig. 1. Equivalent circuits of an IPT system.

in the system is the one of the dc-dc converter, used as the last
stage of power conversion in the receiver. The dc-dc converter
automatically changes its input resistance, and consequently
the input impedance of the rectifier, when changes in demand
or in k take place.

The form in which the input impedance of the rectifier
changes with load and k depends on the topology and design
of the rectifier. Class E rectifiers can be designed with the
necessary features to handle these sorts of conditions (broad
changes in k and load demand) by tuning the passives at a
frequency different than the system’s operating frequency, and
then tuning out the residual reactance of the rectifier in the
resonant tank of the receiving-end [7]. This technique, how-
ever, relies on not only altering the rectifier’s input resistance
to regulate power as coupling or the load changes, but also
on varying the input reactance, which can slightly detune the
receiving-end circuit and therefore reflect a reactive load to the
transmitter. This phenomenon is not exclusive to loads that
use Class E rectifiers. Other sorts of loads, e.g. inductively
coupled plasma [8], will tend to reflect a significant reactive
component to the power transmitter. Also, foreign objects tend
to reflect highly reactive impedances to the transmitter, which
if well characterised, can be used as a foreign object detection
mechanism.
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Fig. 2. PCB coils modelled using CST.

II. CHARACTERISATION OF AN IPT-LINK

In order to tune the circuits at both ends of the system,
it is necessary to obtain measurements on inductance and
equivalent resistance of the IPT coils. We designed two equal
printed-circuit-board coils with eleven sets of mounting holes
in order to fix and reproduce an accurate link configuration,
and then compare inverters and rectifiers using not only the
same set of coils but the same link geometry. The designed
coils can be seen in Figs. 3 and 6.

A. Coil Inductance and Equivalent Series Resistance

In order to characterise the coils, we performed 3D full-
wave electromagnetic simulations considering different sce-
narios, as for example shown in Fig. 2, where different
positions in the wires linking the circuit boards and the
coils are considered. The simulation results can be verified
using an impedance analyser (we use a Keysight E4990A),
however the equivalent resistance of the coils is difficult to
measure accurately at high Q factors [9]. The results of these
measurements are shown in Table I.

TABLE I
SIMULATION AND MEASUREMENTS OF THE COILS AT 13.56MHz

Description Inductance (nH) Resistance (mΩ) Q factor

Simulation at case 1: Lmin 1155.7 191.2 515

Simulation at case 2: Lmax 1200.4 189.2 541

Measurement at case 1: Lmin 1181.0 202.7 496

Measurement at case 2: Lmax 1185.2 227.2 444

B. Coupling Simulations and Measurements

Once the coils have been characterised, the coupling be-
tween them can be calculated for different relative positions.
3D electromagnetic simulations were performed to determine
coupling at coil separation distances ranging from 10 mm to
250 mm and linear misalignments from 0 mm to 250 mm.
These results were also verified using an impedance analyser.

Fig. 3. Photograph of the coils and set-up to measure coupling.

C. Development and Characterisation of an ac-Load

A circuit comprised of a capacitance and a resistance
was designed and built to provide a well tuned and mea-
surable inductively powered load to an IPT transmitter un-
der test. The load consists of twelve resistors of 100 Ω
(LTO100F15R00JTE3) in parallel, resulting in a total resis-
tance of 8.41 Ω, measured at 13.56 MHz, where no significant
variations in resistance were detected as temperature increased.
This resistance guarantees a loaded-Q higher than 10 with the
proposed coils at 13.56 MHz.

The resonant tank of the receiving-end was carefully tuned
by fixing the coupling between the transmitting and receiv-
ing coils at 5 % and then adjusting the series capacitance
of the receiving-end circuit whilst measuring the equivalent
series resistance in the transmitting coil using an impedance
analyser. The resonant frequency of the receiving-end circuit
is determined by the maximum series resistance measured
in the transmitting end. It should be mentioned that this
technique is not effective to tune a circuit with a rectifier since
the equivalent capacitance of diodes and transistors is highly
dependent on voltage.

The proposed load circuit can be seen, attached to the
receiving coil, in Fig. 6.

III. CASE STUDY: REFLECTING A REACTIVE LOAD TO A
SINGLE SWITCH INVERTER

When an IPT system is represented as the two circuits in
Fig. 1, changes in coupling and in the variables used to reg-
ulate power account for changes in the following parameters:
the output current of the inverter (ip), the reflected impedance
to the transmitter (Zeq), the induced electromotive force at
the receiving-end coil (Ep−srms

) and the input impedance of
the rectifier (Zsec). These cover all the variables that are not
intrinsic of the coils. For this analysis we consider the fre-
quency of ip (fip ) to be constant, and Zsec and the magnitude
of the output current of the inverter (iprms ) as variables for
regulation against k. The equations that represent how these
variables are formulated considering Zsec = Rsec + jXsec,
and Zeq = Req + jXeq, are:

Req =
4π2f2

ip
k2LpLs (Rs +Rsec)

(Rs +Rsec)
2

+
(
2πfipLs +Xsec

)2 , (2)



Xeq = −
4π2f2

ip
k2LpLs

(
2πfipLs +Xsec

)
(Rs +Rsec)

2
+
(
2πfipLs +Xsec

)2 , (3)

and on the secondary side:

Ep−srms = 2πfipk
√
LpLsiprms. (4)

These equations, which are practical for the design of the
circuits at both ends if the operating frequency is constant,
and k variable, can be derived from the circuits in Fig 1 or
from the formulation presented in [10].

A. Characterisation of the Reflected Impedance

The proposed ac-load circuit was first tuned at the frequency
of operation and then progressively detuned to also reflect a
positive and negative reactance to the transmitter. The load
was adjusted as shown in Table II.

TABLE II
LOADING CONDITIONS

Load Rsec [Ω]
2πfipLs

+Xsec

[jΩ] Coupling Req [Ω] Xeq [jΩ]

R2 8.41 0 5.3 % 3.32 0

R3 8.41 0 7.9 % 7.37 0

RC32 8.41 −5.19 5.3 % 2.44 1.46

RC33 8.41 −5.19 7.9 % 5.41 3.25

RL42 8.41 4.46 5.3 % 2.62 −1.35

RL43 8.41 4.46 7.9 % 5.81 −3.01

B. Design and Construction of the Inverters

Zero-voltage-switching (ZVS) Class E, and most recently
Class EF, inverters are commonly implemented when a high
frequency current or voltage output is required. This single
low-side switch family of inverters can achieve high efficien-
cies (>95 % in [4]) operating in the multi-MHz region. The
topology of the Class EF inverter is shown in Fig. 4. The
topology of the Class E differs in that the LC branch comprised
of L2 and C2 is not utilised. The purpose of this LC branch
is to better shape the voltage and current in the transistor
and therefore achieve a higher power output capability for a
particular switching device.

The load-independent Class EF inverter [11], implemented
in [3]–[6], [12], has additional advantageous features: it
achieves ZVS for the entire resistive load range (0 Ω-Reqmax )
and outputs a sinusoidal current waveform that is independent
of the resistive load.

In this experiment, we designed a Class E inverter and a
load-independent Class EF inverter using a Gallium Nitride
FET as the switching device (GS66504B by GaN Systems).
The designed values for the inverters are presented in Table III
and the duty cycle was set at 28 % for the Class EF inverter,
and at 50 % for the Class E.
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Fig. 4. Schematic a Class EF Inverter in an IPT system.

TABLE III
PASSIVE COMPONENT VALUES OF THE CANDIDATE INVERTERS

Design L1 [µH] L2 [nH] C1 [pF] C2 [pF] C3 [pF]

Class EF 88 267 156 176 130

Class E 88 - 81 - 163

C. Changing the Resistance and Reactance of an Inductively
Powered Load

The inverters were first powered feeding a purely resistive
load at various couplings, then a capacitive-resistive load and
finally an inductive-resistive load. Measurements were taken
for all cases in which the temperature of the transistor did
not exceed 80 ◦C. The input power was measured for each of
the previously characterised loads. The results are presented
in Table IV. The drain voltage waveforms for both inverters
under reactive and resistive loads are presented in Fig. 5, and
Fig. 6 shows the experimental set-up for these measurements.

TABLE IV
INPUT POWER AT THE INVERTER [W]

Inverter No load R2 R3 RC32 RC33 RL42 RL43

Class E 14.4 63.6 108.0 52.8 109.2 49.2 81.6

Class EF 13.2 84.0 162.0 61.2 - 66.0 -

The effects of varying the resistive loads in Class E inverters
and load-independent Class EF inverters are well known [11],
[13], and the effects of a reflected reactance can be considered
as a variation in C3, i.e. the inverter being detuned. Interest-
ingly for IPT, if the load has a fixed residual reactance, the
reflected resistance and reactance both change as k changes.
Therefore, the effects of a slightly detuned load moving across
a charging pad affects both Req and Xeq gradually, depending
on the phasor angle between the resistive load and the residual
reactance. These effects can be appreciated on the drain
voltage waveforms for each inverter in Fig. 5.

The load-independent Class EF inverter here presented was
designed to tolerate resistive loads from 0 to 7 Ω and the
Class E inverter can tolerate values larger than this (0 to 10 Ω)
but with the disadvantage of having sub-optimum operation
(the transistor’s anti-parallel diode conducting) when the re-
flected resistive load is not equal to the maximum load. When a
capacitive load is reflected to the transmitter (loads RL42 and
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Fig. 5. Oscilloscope drain voltage waveforms of the inverters handling
resistive and reactive loads.

Fig. 6. Photograph of IPT experimental set-up.

RL43) both inverters tend to enter non-optimum operation.
Interestingly, on the Class E the drain voltage waveform is
similar to that of the unloaded condition. When an inductive
load was reflected to the transmitter (RC32 and RC33) the
load-independent Class EF loses the ZVS condition, while the
Class E inverter shows a similar behaviour to that of a purely
resistive reflected load.

IV. CONCLUSIONS

A detailed characterisation was performed on an IPT-link to
assess and compare circuits used in multi-MHz IPT Systems.
An application of the developed IPT-link is presented in this
paper where an experimental comparison of a Class E inverter
and a load-independent Class EF inverter handling resistive
and reactive loads is shown for the first time.
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