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Abstract—Wireless power transfer (WPT) via magnetic res-
onance coupling is characterized by the use of compensation
capacitors to tune the resonant frequency of the system. However,
the system becomes mistuned when the self-inductance of the
transmitter (Tx) and receiver (Rx) coils vary due to misalignment
or manufacturing tolerance of the coils. This paper proposes
a control scheme of pulsewidth modulation controlled switched
capacitors to compensate for the self-inductance variations in
WPT systems. The control scheme proposed in this paper
does not require wireless communication between the primary
and secondary sides or any additional components besides the
switched capacitors. The principle of the control scheme is
explained based on a steady-state analysis of the WPT circuit,
and its validity is verified through experimental results of a 40-W
prototype.

Keywords—Wireless power transfer, switched capacitor, reso-
nant frequency, self-inductance variation, mistuning.

I. INTRODUCTION

Wireless power transfer (WPT) is gaining attention as a
convenient way to charge various electronic devices such
as biomedical implants, mobile phones, Internet of Things,
and electric vehicles (EVs) [1]-[4]. In particular, WPT via
magnetic resonance coupling is increasingly gaining attention
from various fields in the industry [5]-[7]. This technique
improves the power transfer characteristics by tuning the
resonant frequencies of the primary and secondary circuits
with compensation capacitors. However, the system becomes
mistuned when the self-inductance of the transmitter (Tx) and
receiver (Rx) coils vary from their designed values for the
following reasons. The Tx and Rx coils are usually equipped
with magnetic and conductive materials, which make the self-
inductance of the coils sensitive to misalignment [8], [9]. In
addition, the manufacturing tolerance of the coils and other
magnetic and conductive materials in the environment cause
the self-inductance of the coils to vary even more [10], [11].

Several methods have been proposed to compensate for
the self-inductance variations in the literature [12]-[16]. Kim
and Ahn [12] proposed a self-tuning LCC inverter using a
pulsewidth modulation (PWM) controlled switched capacitor.
However, this study focused only on the self-inductance varia-
tion of the Tx coil. Ahn et al. [13] proposed an impedance tun-
ing control for semi-bridgeless active rectifiers to compensate
for the impedance mismatch in wireless EV charging. Ishihara
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Fig. 1: Simplified circuit model of the SS compensated WPT system.

et al. [14] proposed a control scheme for active reactance
compensators to stabilize the output power in multiple-receiver
systems. While these studies covered the self-inductance vari-
ations of both the Tx and Rx coils, the control schemes
required wireless communication between the primary and
secondary sides. Mai et al. [15] proposed a control method
to track the maximum efficiency using an active single-phase
rectifier. However, the control scheme required an auxiliary
measurement coil in order to avoid wireless communication
between the primary and secondary sides.

The studies in [12]-[14] were based on the circuit model of
the WPT system with a resistive load. However, the purpose
of most WPT systems is to provide power to a battery, which
is a constant voltage load. Therefore, this paper proposes
a control scheme of PWM-controlled switched capacitors to
compensate for the self-inductance variations in WPT systems
with a constant voltage load. The proposed control scheme
does not require wireless communication between the primary
and secondary sides or any additional components besides the
switched capacitors, thus enabling its use in a wide range of
applications.

ITI. CIRCUIT ANALYSIS OF INDUCTANCE VARIATION

Fig. 1 shows a simplified circuit model of a series-series
(SS) compensated WPT system. L; and Ly represent the self-
inductance of the Tx and Rx coils. C; and C5 represent the
compensation capacitance of the primary and secondary sides.
The primary and secondary dc link voltages are assumed
to be symmetrical, and the equivalent series resistance of
the primary and secondary circuits are neglected in order
to simplify the analysis. In addition, it is assumed that the



inverter is operating at full duty cycle, and a conventional
diode-rectifier is adopted on the secondary side. Based on
these assumptions, the root mean square values of Vige and
Vgac can be expressed as:
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By applying Kirchhoff’s voltage law to the circuit model in
Fig. 1, the following equations can be derived:
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Ry represents the input impedance of the diode rectifier.
The equivalent reactance of L; and Cj in series is defined as
X1, and the equivalent reactance of L, and C5 in series is
defined as X5 as:

o Xemwla- @

When the circuit is perfectly tuned, X; and X5 are equal to
zero. When the circuit is mistuned due to the self-inductance
variations of the coils, X; and X, are not equal to zero.
Under constant voltage load conditions, R, is not a constant,
since Ry varies depending on the coupling condition and
tuning condition of the circuit. By solving (1)-(4), Ry can
be expressed in terms of X, X5 and M as:

R, = \(wM)2 - X1X2\/,/(WM)2 - X?. (3)

Therefore, the transmission power P can be expressed in
terms of X7, X, and the constants defined in Fig. 1 as:
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From Fig. 1, the impedance at the input of the circuit Z;,
can be derived as:
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Therefore, the phase difference 6 between Vlac and I lac
can be derived as:
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By substituting (5) into (8) and solving 6 = 0, the following
solution is derived:
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By substituting (9) into (6), P can be expressed as a convex
downward function:
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Fig. 2: Colormap of P» as a function of X; and X». Vg., M and w
are 20V, 10 pH and 27 x 85 rads™!, respectively.

Equation (10) indicates that the minimum point of P under
f = 0 is given by:

X1=X=0 (1)

In other words, the circuit is perfectly tuned when the
transmission power is minimized under the condition of # = 0.

The same conclusion can be drawn by a graphical explana-
tion. Fig. 2 shows the colormap of P as a function of X; and
Xo, obtained from (6). The colormap is obtained assuming
that V., M and w are 20V, 10uH and 27 x 85 rads™!,
respectively. The set of points which satisfy 6 = 0 is shown
in the red dotted line in Fig. 2. The origin of the colormap
i.e. X1 = X2 = 0 coincides with the minimum point on the
red dotted line. In fact, the circuit is perfectly tuned when the
transmission power is minimized under 6 = 0.

III. CONTROL SCHEME OF PWM-CONTROLLED
SWITCHED CAPACITOR

Fig. 3 shows the circuit configuration and the control
scheme of the system proposed to compensate X; and Xo.
The primary full-bridge inverter supplies high-frequency cur-
rent to the Tx coil, while the secondary full-bridge inverter
conducts synchronous rectification. PWM-controlled switched
capacitors proposed in [17] are adopted on the primary and
secondary sides to compensate X; and X,. The equivalent
capacitance of the switched capacitor is adjusted by feeding a
PWM signal synchronized with the current to the MOSFET.
The equivalent capacitance Ci., and Cae, can be expressed
in terms of the PWM duty cycles d; and dy as:
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The circuit topology of the PWM-controlled switched ca-
pacitor used in this paper is applicable to a wide range of
power scales, since this toplogy can suppress the voltage stress
on the MOSFET [17].

The most straightforward way to compensate X; and X,
is to directly control the phase difference between v1,. and
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Fig. 3: Circuit configuration and control scheme of the proposed system.
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Fig. 4: Experimental setup.

11q¢c to 0 deg. and the phase difference between %14, and 24,
to 90 deg. by adjusting the PWM duty cycles of the switched
capacitors [13], [14]. However, this solution is unfavorable in
terms of reliability and simplicity since wireless communica-
tion between the primary and secondary sides is required to
obtain the phase difference between %14, and i9,.. Therefore,
the following control scheme for the switched capacitors is
adopted. From the analysis in Section II, X; and X, are
perfectly compensated when the output power is minimized
under the condition of § = 0. This can be achieved by
controlling the phase difference between v1,. and ¢14. to
0 deg. by adjusting the primary switched capacitor, while
iteratively searching the minimum output power by adjusting
the secondary switched capacitor.

This control scheme can be explained visually based on Fig.
2. By controlling the phase difference between v1,. and @14,
to 0 deg., the coordinate of X; and X5 is constrained to the
red dotted line. Then the perfectly tuned state is achieved by
searching the minimum power point on the red dotted line.

As shown in Fig. 3, a proportional-integral (PI) controller
is adopted to adjust the primary switched capacitor, and a
minimum power tracking (MPT) algorithm is implemented
to adjust the secondary switched capacitor. Since the sec-

TABLE I: SPECIFICATIONS OF EXPERIMENTAL SETUP.

Symbol Description Value
- Operating frequency 85.0kHz
Vide Primary dc voltage 20.0V
Vade Secondary dc voltage 20.0V
L1 Self-inductance of Tx coil 237.5uH
Lo Self-inductance of Rx coil 98.6 uH
M Mutual inductance 15.86 uH
R1 Equivalent series resistance of Tx coil 245 m$
R Equivalent series resistance of Rx coil 152 m$)
C 11 . . . 15.76 nF
Cha Components of primary switched capacitor 129.6 nF
Ca1 . . 40.43nF
Cao Components of secondary switched capacitor 166.7 nF

ondary dc-link voltage V54, is constant, the output power is
proportional to the secondary dc-link current I54.. Therefore,
a simple hill-climbing algorithm is implemented to search
the PWM duty cycle ds which yields the minimum I54.. In
order to avoid conflict between the PI controller and the hill-
climbing algorithm, the settling time of the PI controller is
designed sufficiently faster than the iteration period of the hill-
climbing algorithm.

IV. EXPERIMENTAL VERIFICATION

An experimental prototype of the system shown in Fig. 3 is
manufactured to verify the proposed control scheme, as shown
in Fig. 4. The parameters of the prototype system are listed
in Table. 1.

Fig. 5 shows the results of a preliminary experiment in
which the phase difference between ¢1,. and i9,. and the
input/output power are measured as a function of the PWM
duty cycle ds. The input power refers to the ac power flowing
out of the primary inverter, and the output power refers to
the ac power flowing into the secondary inverter. In the
preliminary experiment, d; is determined by the PI controller,
and ds is varied in increments of 0.1 between O and 1. The
phase difference between ¢1,. and ige. is 90 deg. and the
power flowing into the secondary inverter is minimum when
0.4 < dy < 0.5. This indicates that the primary and secondary
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Fig. 5: (a) Phase difference between 414 and ¢2,. measured as a

function of d». (b) Input/output power measured as a function of da.
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Fig. 7: Experimental waveforms of viac, %1ac and vzae, %2qc

with/without the proposed control. (a) w/o control. (b) w/ control.

TABLE II: COMPARISON OF PHASE DIFFERENCE.

Phase dif. betwe-
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Fig. 6: Experimental results of the trajectories of the PWM duty
cycles d; and dz under the proposed control. (a) di. (b) d2.

sides are perfectly tuned when 0.4 < dy < 0.5. The results
also indicate that the perfectly tuned state can be achieved by
tracking the minimum power point in Fig. 5.

Fig. 6 shows the trajectories of d; and ds under the proposed
control scheme of the switched capacitors. As shown in Fig.
3, d; is determined by the PI controller, and ds is determined
by the MPT algorithm. The initial value of ds is set to 0.2,
and the MPT algorithm starts at O s. By applying the MPT
algorithm, dy settles between 0.4 and 0.5. This result shows
consistency with the results in Fig. 5.

Fig. 7 shows the waveforms of vi4c, 14c and voge, %24c
with/without the proposed control. The phase difference be-

w/o

control 17.5 deg. 117.5 deg.
w/

control 1.9 deg. 86.4 deg.

tween vy, and 414, and the phase difference between 71, and
12qc With/without the proposed control are listed in Table. II.
The results without the control are obtained by disconnecting
the MOSFETs from the switched capacitors so that C; and
C12 are connected in series on the primary side, and Cy
and Cy, are connected in series on the secondary side. By
applying the proposed control, the phase difference between
Vige and ij,. becomes approximately O degrees, and the
phase difference between i1, and i, becomes approximately
90 degrees. This result verifies that the proposed control
scheme can compensate X; and X5 and autonomously tune
the system.



V. CONCLUSION

In this paper, a control scheme of PWM-controlled switched
capacitors is proposed to compensate for the self-inductance
variations in WPT systems. The principle of the control
scheme is explained based on the steady-state analysis of
the WPT circuit. The system can be tuned autonomously
by controlling the input phase angle on the primary side
while tracking the minimum output power on the secondary
side. The proposed control scheme does not require wireless
communication or additional components besides the switched
capacitors. The validity and performance of the control scheme
are verified through experimental results.

The control scheme in this paper is derived based on a
simplified circuit model of the WPT system. In fact, the circuit
model assumes the primary and secondary dc link voltages to
be symmetrical, and neglects the equivalent series resistance of
the circuit. Therefore, further work needs to be done in terms
of analysis and experimental verification in order to apply the
control scheme to practical WPT systems.
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