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Abstract— Coil parameters variation due to manufacturing
error or environment causes received power and efficiency
decrease in wireless power transfer(WPT). Especially, self-
inductance variation causes resonance misalignment, and the
system can’t maintain ideal characteristics including nominal
received power. This paper proposes a power compensation
method that controls only the receiving (Rx) side when coil
parameters change. By using LCC circuit on the transmitter
(Tx) side, wireless communication and power fluctuation due to
coil parameter change on the Tx side are eliminated. On the Rx
side, the received power is controlled by a DC/DC converter
while the resonance misalignment is compensated by a branched
capacitor. The proposed method can control the power and
compensate the resonance misalignment concurrently.
MATLAB Simulink simulation and experimental steady-state
measurement results show that power compensation with
varying capacitors on the Rx side can improve efficiency by
compensating for resonance misalignment.

Keywords—Wireless Power Transfer(WPT), LCC-S circuit,
Detuning, Resonance misalignment ,DC/DC converter

I. INTRODUCTION

Wireless power transfer (WPT) has attracted
attention[1],[2] as an effective way for charging electrical
devices, such as electric vehicle (EVs) charging[3],[4],
implantable medical devices[5],[6] and new space station[7].

This technology uses compensation capacitors on the
transmitter (Tx) and receiver (Rx) sides, respectively[8], to
adjust the resonance frequency, thereby enhancing
transmission characteristics. In WPT, an S-S circuit with
compensation capacitors inserted in series with the Tx-Rx
coils are commonly used. However, the performance of WPT
depends on the self-inductance and mutual inductance of the
Tx and Rx coils. The self-inductance and mutual inductance
of Tx and Rx coils change from their nominal values caused
by manufacturing errors, aging and changes in the distance
between coils from the design value[9]. Changes in mutual
inductance and self-inductance cause power instability. For
power compensation, several solutions are given in [10]-[13].
In [10], power compensation was achieved by varying the
inverter drive frequency. In [11]-[13], power stabilization
techniques were proposed by varying the equivalent
resistance connected to the output part of the WPT circuit.

However, these cannot obtain ideal characteristics due to
resonance misalignment caused by self-inductance changes.
When resonance misalignment occurs at Tx and Rx side,
transmission characteristics deteriorate[ 14]-[16]. Methods to
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improve the deterioration of transmission characteristics due
to resonance misalignment include [17]-[22]. In [17],
wireless communication is used between Tx and Rx side to
correct resonance misalignment. However, the use of
wireless communication is unsuitable due to the inevitable
complexity of the system. In [18], spread spectrum is used by
varying the frequency on the Tx side. A sensor coil is added
on the Rx side and the phase difference on the Tx and Rx side
is estimated. However, the coupling coefficients of the Rx
coil and the sensor coil are assumed to be known, and if the
coupling coefficients of the Rx coil and the sensor coil
deviate, errors occur in the estimation. In [19], [20], systems
were proposed that use PWM capacitors in the S-S circuit on
the Tx and Rx sides and no other components or wireless
communication beside PWM capacitors. However, to
simplify the system, only the Rx side is preferred as the
control point. In [21], A system was proposed that eliminates
the need for communication and resonance mismatch
compensation on the Tx side and compensates for
capacitance on the Rx side. In [22], a resonance misalignment
compensation method was proposed for the Rx side only,
using an LCC circuit on the Tx side. However, it is not
possible to control the resonance misalignment concurrently
with the power, because the maximum value of the power is
tracked to compensate for the change in self-inductance.

This paper proposes a method of resonance misalignment
compensation in which the value of the load can be varied. In
the proposed method, the input impedance is varied by
controlling the duty ratio of the DC/DC converter, which
equivalently changes the resistance of the load at the output
of'the WPT to control the power. Compensation is performed
to compensate for resonance misalignment without using
wireless communication, maximizing efficiency by
controlling only the Rx side.

II. RESONANT COMPENSATION SCHEME INDEPENDENT LOAD

To simplify the analysis, a fundamental approximation is
applied and the equivalent series resistance(ESR) of each
inductor and capacitor in the circuit is ignored. A simplified
LCC-S circuit is shown in Fig. 1. In Fig. 1, L, L,represent
the self-inductance of the Tx and Rx coils and M represents
the mutual inductance.

At resonance, in the LCC-S circuit, the following
resonance condition (1), holds for the frequency w, of the
power supply and each element.



Fig. 1  Simplified circuit model of LCC-S components.
TABLE I : BASIC PARAMETER.
Symbol Value
Operating Frequency of Inverter( f;) 85 kHz
Input DC Voltage (E) 20V
Compensation Inductor (Lg) 21 uH
Compensation Capacitor (Cy) 166 nF
Tx coil Resistance (1) 0.1Q
Rx coil Resistance (13) 0.1Q
Tx coil Inductance (L,) 99.4 uH
Rx coil Inductance (L) 97.9 uH
Primary Capacitor (Cy) 39.5nF
Mutual inductance (M) 20.5 uH
Resistance of Load (R;) 3Q

(1)0 = = (1)
From (1), ac output power P,,; on the Rx side is
expressed as in (2).
MZ
Pout = 755~ Vi )

L%, R, in
(2) show that M? and P,,, are proportional. This
indicates that if M between Tx and Rx changes, the output
power P,,, cannot be maintained. Therefore, control is
required to retain the power to the desired value. However,
from (2), R, also varies with P,,,, so it is possible to
compensate by changing R; when M change occurs.

A. Robustness of resonance misalignment on Tx side

It has been reported that by keeping the current I, in the
Tx coil constant, P,,,; does not change when resonance shift
caused by a change in L; occurs, even without any
compensation for resonance shift by C;¢ [21], [22].

As a method to keep the current flowing in the Tx coils
constant, this paper uses an LCC circuit on the Tx side as in
[22]. This eliminates the effect of resonance misalignment on
the Tx side without using any control. Fig. 3 shows the result
of a color map visualizing the relationship between the output
power by taking the changes in C;5 and C, as axes, based on
the parameters of TABLE I. The results show that P,,; does
not change when C; changes. However, it also shows that
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the output power decreases with a change in C,, indicating
that the resonance misalignment needs to be corrected.

B. Proposed resonance compensation method

Rx side of the LCC-S circuit is shown in Fig. 2, with the
residual impedance due to resonance misalignment on the Rx
side being Z,, as in equation (3).

Zy = woly — woCs 3

The current I, flowing into the Tx coil is constant
regardless of the effect of resonance shift on the Rx side and
there is no interference on the Rx side, making wireless
communication unnecessary. In static state, M is constant
during resonance compensation, so the induced EMF
(Electromotive Force) on the Rx side is constant.

The voltage of the load V,,,; is expressed as in (4).

woMR;,

Voutl = |=——-
Wouel = |- 2

Ip 4)

When the resonance misalignment is corrected and Z, =

0, (4) coincides with the induced EMF and is independent of
the size of the load.

Also, V,,,; takes the maximum value. From the above, this

paper proposes that load-independent compensation of

resonance misalignment is possible by varying the capacitor

18
42
16
40
— 14—
w38 P
N 12 3
O 36— >°
‘—\\_\—
a4 m\m 6 W0
s
32

5 6
R, [Q]
Fig. 4 Colormap of v,,; as a function R; and Z,.



C, on the Rx side and searching for the maximum value of
the output voltage V.. The same conclusion can be obtained
by a graphical approach. Fig. 4 shows a color map of the
output voltage as a function of load R; and reactance Z,,
based on the parameters of TABLE I. The closer to blue, the
lower the voltage, and the closer to yellow, the higher the
voltage. The red line corresponds to Z, = 0, indicating that
the Rx side is in resonance. The voltage V,,; is maximum,
irrespective of the load value. The reason why the contour
lines in Fig. 4 are not perfectly parallel to the horizontal axis
is that the effect of resonance shift becomes smaller as the
load R; becomes larger.

Equivalently, the value of the load can be controlled by
varying the duty ratio of the DC/DC converter in the LCC-S
circuit as in [11]-[13]. In this paper, as in [11], [13], a buck
converter is used to control the power consumed by the load
by varying the duty ratio.

III. OVERVIEW OF THE SYSTEM

A. Overview of Proposed System

Fig. 5 shows the proposed system. The inverter on the Tx
side delivers high frequency current to the LCC circuit. The
power received by the S-circuit on the Rx side is converted
by the buck converter after the bridge rectifier and consumed
by the load. The PI controller aims to control power on the
Rx side. The capacitors on the Rx side perform Maximum
Point Tracking control (MPT) and compensate for resonance
misalignments. To eliminate the effects of transients caused
by the switching of branched capacitors, the control for
compensation of resonance misalignment is sufficiently
slower than the constant power control.

B. Control Scheme of Branched Capacitor

In this paper, the branched capacitor is created as shown
in Fig. 6. The capacitor C,, is attached at the bottom. On top
of it, the total capacitance C, is varied by attaching parallel
capacitors AC,, 2AC,, 4AC,, 8AC, and 16AC,, which can be
connected or disconnected by switches.

IV. SIMULATION AND EXPERIMENT VERIFICATION

A. Simulation Verification

Theoretical verification was performed by simulation
using MATLAB Simulink. The parameters are shown in
TABLE I and TABLE IL

Assume that the inductance of the coils of Tx and Rx are
shifted by 10%. On the Rx side, the resonance misalignment
compensation starts at 31.5 nF and the capacitance is varied
by 0.25 nF.

Fig. 5 Overview of control scheme of proposed method.

(e

Fig. 6 Overview of branched capacitor.

TABLE II : SIMULATION PARAMETER.

Symbol Value
Regulated Power (Pr¢f) 20W
Minimum Capacitance C,j 31.5nF
Increment Capacitance AC, 0.25 nF
Control Frequency of Branched Capacitor £, 100 Hz
Control Frequency of DC/DC Converterf,, 100 kHz

Fig. 7 shows the results of the proposed method, where the
right side of the dotted line indicates the area with constant
power control. The trajectory of output power P,,,; is shown
in Fig. 7 (a). Fig. 7 (b) shows the trajectory of branched
capacitor C, on the Rx side with the red line indicating perfect
resonance. In Fig. 7 (c), the trajectory of output voltage v,
is shown. The results show that the resonance misalignment
compensation can be performed even when power control is
performed as the resonance approaches. v,,; increased
rapidly because the duty cycle of the DC/DC converter
decreased and the corresponding point in Fig. 4 shifted in the
direction of increasing R;. The simulation results show that
the proposed control method can correct the resonance
misalignment while controlling the power.

B. Experimental Verification

Next, an experimental validation was conducted. Fig. 8
shows the experimental view. The parameters of the
experiment are shown in TABLE I and TABLE III. The
produced branched capacitor has characteristics like TABLE
V.

The size of the Tx and Rx coils was 250 mm x 250 mm,
the MOSFETs of the H-Bridge inverter and the DC/DC
converter were BSM120D12P2C005, and the controller was
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Fig. 7 Simulation results of the trajectory under applying
proposed control scheme. (a) DC/DC converter output
power. (b) capacitance. (c¢) output AC voltage.

PE-Expert4 from MyWay corporation. The capacitance was
varied by 1 nF by switching connections manually. The duty
ratio of the DC/DC converter was varied so that the output
power Pp. of the buck converter was 15 W for each
capacitance. When the effect of resonance misalignment was
large and the power was less than 15 W, the duty ratio of the
DC/DC converter was fixed at 0.95. TELEDYNE LECROY
WaveSurfer 3000z oscilloscope was used as the measuring
instrument to measure the RMS value of the output voltage
of the LCC-S circuit, the phase difference between the current
in the Tx coil and the current in the Rx coil, the AC/AC
efficiency 7, and the power consumed by the load, Pp.

The results are shown in Fig. 9. The blue area in Fig. 9
shows where constant power control is not performed, and
the duty ratio of the DC/DC converter is fixed at 0.95. From
Fig. 9(a), the power is controlled to keep the power applied
to the load at 15 W in the range of 34 nF to 39 nF.

Fig. 9(b) shows the phase difference between the current
flowing in the Tx coil and the current flowing in the Rx coil
when the capacitance is varied. Fig. 9(b) shows that the
system is closest to resonance when the capacitance is 36 nF.
Fig. 9(c) shows the relationship between each capacitance
and the output voltage of the LCC-S circuit. Fig. 9 (c) shows

Fig. 8 Experiment setup.

TABLE III :EXPERIMENTAL PARAMETER.

Symbol Value
Regulated Power (Pr¢f) I5W
Minimum Capacitance (Cyp) 31 nF
Increment Capacitance (AC,) 1 nF
Control Frequency of DC/DC Converter (fz.) 10 kHz

TABLE IV : BRANCHED CAPACITOR SPECIFICATION.

Symbol Value

Chase Capacitance [nF] 31.1
Resistance[Q] 0.41

AC Capacitance [nF] 0.5
Resistance[Q] 1.13

2AC Capacitance [nF] 1.0
Resistance[Q] 0.27

4AC Capacitance [nF] 2.0
Resistance[Q] 0.23

8AC Capacitance [nF] 3.9
Resistance[Q] 0.05

16AC Capacitance [nF] 8.0
Resistance[Q] 0.07

that the output voltage reaches its maximum value when the
capacitance is 36 nF. Fig. 9(d) shows the AC/AC efficiency.
Fig. 9(d) shows that the efficiency is maximized by correcting
the resonance misalignment. The overall low efficiency in
Fig. 9(d) is thought to be due to the large ESR of the resonant
capacitor such as Cy, Cy5, C,. The above results in Fig. 9 show
that the proposed method can compensate for resonance
misalignment while controlling the power.

Next, Fig. 10(a), (b) show the waveforms of the voltage
input to the LCC circuit, the current flowing through the Tx
coil, the output current flowing through the S circuit on the
Rx side, and the output voltage of the S circuit, respectively,
without and with compensation for resonance shift. The
band-pass characteristics of each side result in a clean sine
wave. When the resonance misalignment is compensated, the
phase difference between the Tx and Rx coil currents is close
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above, it was found that by changing the capacitance and
tracking the maximum voltage point, power control can be
performed concurrently with resonance misalignment

Fig. 9 Experimental results of steady-state performance
according to C,. (a) DC/DC converter output Power. (b)
Phase difference between I; and [,. (c) output AC
voltage. (d) AC/AC efficiency.

compensation.



TABLE V. PAFPRMANCE COMPARISON.

Ppc n Phase
W/ MPT )
€, =36np) POV 74.9 % 96.3 deg
W/o MPT ]
€, =39np) OV 67.3 % 56.4 deg

V. CONCLUSION

This paper proposes a method of compensating for
resonance misalignment in WPT using a branched capacitor.
The principle of the proposed control method is explained in
the steady state of a WPT circuit. In this system, resonance
misalignment compensation can be automatically performed
only on the Rx side by maximizing the voltage output of the S
circuit on the Rx side. The proposed method does not require
communication between Tx and Rx or resonance
misalignment compensation on the Tx side. The theory is
verified by simulation and experimental measurement results
of static characteristics. Each result shows that it is possible to
compensate for resonance misalignment while protecting the
system from excessive power with a DC/DC converter.

Future works include the three following issues. First,
automatic adjustment of the variable capacitor has not been
conducted experimentally, only by simulation in this paper.
Therefore, it is necessary to implement the variable capacitor
such as [18]-[21] and conduct experiments on automatic
adjustment. Second, in practical WPT systems, batteries are
often connected behind the rectifier. Therefore, it is necessary
to study the control method when a constant voltage load is
connected instead of a resistive load. Third, hard switching of
the inverter should be considered. Resonance misalignment
causes the input impedance of the WPT circuit to become
capacitive, and hard switching causes a reduction in DC/DC
efficiency[20]. As a future work, it is necessary to consider a
system that can achieve soft switching even when resonance
misalignment occurs.
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