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ABSTRACT Compensating for deviations in the resonant frequency is crucial in magnetic resonance
coupling wireless power transfer (WPT) systems. Thus, this study proposes a communication-less receiver-
side resonant frequency-tuning scheme that compensates for the reactance in the receiver without communi-
cating with the transmitter. The proposed scheme comprises an inductor-capacitor-capacitor compensation
topology at the transmitter and a half-bridge circuit at the receiver, whose operating phase is set to be
orthogonal to the receiver current. Resonant frequency tuning can be achieved by adjusting the DC voltage
applied to the half-bridge circuit to maximize the power received at the load. The reactance compensation
ability of the proposed scheme is analyzed through experiments on a 200 kHz WPT system. When the
secondary capacitance deviated from —20% to +20%, the efficiency degradation was maintained within
6.7% with the proposed scheme, whereas the efficiency degraded by up to 33.3% without compensation.

INDEX TERMS Magnetic resonance, reactance compensation, resonant frequency, variable reactor, wireless

power transfer.

I. INTRODUCTION

Wireless power transfer (WPT) systems are adopted as safe
and convenient modes of power supply in practical appli-
cations. Among the various WPT technologies, WPT via
magnetic resonance coupling (MRC) is currently considered
the most suitable mechanism for high-efficiency mid-range
transmissions [1], [2], [3], [4]. WPT via MRC (MRC-WPT)
can be applied in various fields ranging from low-power
charging for mobile devices to high-power charging for elec-
tric vehicles [5], [6], [7], [8].

Foreign objects, such as dielectric materials, metallic
objects, or ferromagnetic materials, near the transmitter and
receiver coils, cause inductance changes, leading to reso-
nant frequency deviation and a consequent reduction in the
power and efficiency [9]. In MRC-WPT systems, resonant
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frequency deviation is a significant concern for practical
application. The capacitors and inductors used in compensa-
tion circuits exhibit natural tolerance owing to manufacturing
errors and aging, resulting in power reduction and power
transfer efficiency degradation [10].

Numerous impedance tuning methods to adjust the reso-
nant frequency have been proposed; for example, a variable
capacitor adjusted by a stepping motor [11] or a reactor
matrix with several capacitors, inductors, and mechanical
relay switches [12], [13], [14]. However, mechanical parts
consume considerable power, are bulky, and slow in response.
In [15], PIN diodes were used as switches instead of mechan-
ical relays to achieve high-speed operation; however, their
current rating was significantly low.

To overcome these limitations, pulse-width modulation
controlled switched capacitors [16], [17], [18], [19] and
field-effect transistor (FET) bridge-based variable reac-
tors [20], [21], [22], [23], [24], [25] can be used as they do
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not require mechanical components, can handle high power,
and can be miniaturized. Among them, the FET bridge-based
variable reactor is characterized by its ease of control at
the transmitter side; current and voltage phases must not be
measured for control. Its reactance automatically converges
to the optimal value for resonance correction only by shifting
the switching phase by constant degrees from the transmitter
inverter.

Conventional studies on FET bridge-based variable reac-
tors mainly focused on the transmitter side [20]. However,
this study focuses on the operation of FET bridge-based vari-
able reactors at the receiver side. The effectiveness of using
a FET bridge-based variable reactor apart from a transmitter
has been demonstrated. In [21] and [22], a FET bridge-based
variable reactor was applied with a repeater resonator to
retune the resonant frequency. In [23], a receiver-side FET
bridge-based variable reactor was used to compensate for the
detuning of the resonant frequency owing to natural tolerance
and cross-coupling among multiple receivers. In [25], the
6.78-MHz operation of a FET bridge-based variable reactor
in a receiver was demonstrated.

The operation of the FET bridge-based variable reactor
apart from the transmitter has an unresolved issue (distribu-
tion of the clock). Clock synchronization between the trans-
mitter and receiver requires nanosecond-order precision for
kHz-band systems. The requirement for precision is expected
to be more stringent for MHz-band systems, rendering its
implementation with wireless communication systems chal-
lenging. Wired clock distribution was adopted in [21]; how-
ever, wireless systems do not use wires. Reference [22]
utilized infrared (IR) communication, which involved the
transmission of the gate-drive signal of the transmitter to
the receiver. However, the optical components to transmit
and receive light must be exposed, rendering the device-case
design complex. An auxiliary measurement coil with a decou-
pling transformer [26], [27] can be used to measure the
voltage induced by the transmitter; however, auxiliary coils
are susceptible to cross-coupling with the receiver coil, which
limits the coil geometry design.

An alternative approach to avoid the wireless link for clock
distribution is to generate the clock signal at the receiver using
the receiver current. In [28] and [29], the reactance was com-
pensated for using an active rectifier on the secondary side.
The gate-drive signal for the active rectifier was generated
from the receiver current. However, the control of this method
must measure the output voltage and current as well as the
phase angle of the receiver current and the induced voltage,
which requires an expensive AC current sensor and complex
calculations. In particular, the measurement of the induced
voltage is impractical because it requires an accurate value
of the inductance of the receiver coil, which will be deviated
during operation.

This study proposes a communication-less receiver-side
resonant frequency tuning scheme with a FET bridge-based
variable reactor. First, we changed the reference of the
gate-drive signal for the FET bridge-based variable reactor
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from the transmitter to the receiver; the phase of the gate-drive
signal for the half-bridge circuit on the receiver side is set
to be orthogonal to the phase of the receiver current. Thus,
we eliminated the clock distribution from the transmitter
via a wireless communication link. Second, we designed
the reactance control scheme such that it can be performed
without using any information from the transmitter; an
inductor-capacitor-capacitor (LCC) compensation topology
was installed at the transmitter to operate the receiver circuit
with constant voltage (CV) characteristics. Thus, we can use
the received power as the objective function to detect the
optimum DC voltage to compensate for the reactance in the
receiver.

The strengths of the proposed scheme are summarized as
follows: (1) Throughout the control process, any information
from the transmitter, including the clock, is not required. (2)
The only control parameter required is the DC received power
at the load, which can be easily measured.

The fundamental concept of this scheme was described
in [30]. In this study, we perform extended theoretical analy-
ses and experimental validations. Particularly,

1) we detailedly describe the circuit equations of the pro-

posed scheme.

2) we demonstrate the hardware implementation, includ-
ing the circuit configuration to generate the gate-drive
signal for the variable reactor and the automatic
DC-voltage-adjustment strategy.

3) we conduct comprehensive evaluations for various
reactance deviations and loss distribution analysis of
the proposed scheme.

The remainder of this paper is organized as follows.
Section II describes the working principle of the proposed
scheme and presents the theoretical analysis using circuit
equations. Section III reports the measurement and simu-
lation results to validate the effectiveness of the proposed
scheme. Section IV concludes the paper.

Il. COMMUNICATION-LESS RECEIVER-SIDE RESONANT
FREQUENCY TUNING SCHEME

A. OVERVIEW OF THE PROPOSED SCHEME

The proposed scheme compensates for the residual reac-
tance in the receiver without communication. The comparison
between the conventional receiver-side resonant frequency
tuning scheme using a FET bridge-based variable reactor and
the proposed scheme is shown in Fig. 1.

A capacitor Cp is connected to a half-bridge in conven-
tional receiver-side resonant frequency tuning schemes as
shown in Fig. 1(a). The gate-drive signal for the half-bridge
has a duty cycle of 50% and the phase is 0° or 180° relative
to the transmitter voltage source. The DC voltage of the
capacitor V¢,p is automatically adjusted to be orthogonal to
the receiver current Irx, which is necessary to compensate
for the reactance in the receiver circuit [20]. The reference
for the gate-drive signal phase is the transmitter voltage
source. Therefore, the transmitter voltage-source phase must
be transmitted to the receiver.
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FIGURE 1. FET bridge-based variable reactor in the receiver.
(a) Conventional scheme. (b) Proposed scheme.

Conversely, the phase reference is the receiver current in
the proposed scheme as shown in Fig. 1(b). The gate-drive
signal for the half-bridge circuit is generated at the receiver
using the phase of the receiver current. The phase of the
gate-drive signal is shifted from the phase of the receiver
current by 90° or —90° depending on the sign of the resonant
frequency deviation. A variable DC voltage source Vyr pc
is connected to the half-bridge instead of the capacitor. The
reactance can be adjusted by changing the DC voltage applied
to the half-bridge because the output voltage of the variable
reactor and the receiver current are orthogonal.

The DC voltage Vyr_pc should be controlled to generate
an appropriate reactance to cancel the residual reactance in
the receiver without communication. Therefore, an LCC
compensation topology is adopted in the transmitter to oper-
ate the receiver circuit with CV characteristics. The change
in reactance in the circuit appears as a change in the received
power at the load when the receiver circuit is driven by
the CV characteristics. The received power at load resis-
tance Rjoaq is maximized when the resonant condition is
achieved. Therefore, we can detect the optimal Vyr_pc using
the received power P joad as the objective function. This
structure achieves resonant-frequency tuning on the receiver
side without communication.

B. FET BRIDGE-BASED VARIABLE REACTOR CONTROLLED
BY A DC-VOLTAGE SOURCE

The circuit structure of the receiver with the FET
bridge-based variable reactor is shown in Fig. 2. The current
phase-detection and phase-shift circuits are applied to detect
the phase of Irx and generate the gate-drive signal for the
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FIGURE 3. Operating waveforms of a FET bridge-based variable reactor.

half-bridge. The operating waveforms of the current-phase-
detection and phase-shift circuits are shown in Fig. 3. The
phase of Irx is obtained from the voltage vgiode, Which is
generated when Irx conducts through one of the diodes of
the rectifier circuit. The comparator detects zero crossings
of Irx using vgiode and generates the input signal for the
phase shift circuit, vcomp. Subsequently, the phase-shift circuit
generates the input signal to the half-bridge circuit vgae by
delaying the output of the comparator. The amount of phase
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FIGURE 4. Variable reactor with the connected equivalent voltage and
impedance.

shift depends on whether the reactance to be compensated
for is inductive or capacitive. To compensate for inductive
reactance, the phase shift is set to 90°, whereas, to compen-
sate for capacitive reactance, it is set to —90° (270°). Fig. 3
shows the operating waveforms indicating that the variable
reactor behaves similarly to a capacitor to compensate for the
inductive reactance.

The variable DC voltage source is implemented along with
an output capacitor Cyr. The driving power of the variable
DC voltage source is provided by an internal power supply
equipped with a receiver, such as a battery. Notably, the
variable DC voltage source does not provide active power
in the steady state. Consequently, the power supply of the
receiver to drive the variable DC voltage source does not
consume any power except for the power consumption of
related circuits such as a gate driver and microprocessor. This
consumption is constant regardless of the output power of
the wireless power transfer system. Once the output capacitor
Cyr is charged to a designated voltage, no power flows from
the power supply of the receiver. In other words, only the
charging and discharging of Cyr by Irx is repeated. As the
phase of the switching is orthogonal to the current flows into
the variable reactor, the amount of electric charge that flows
into and out of Cyr is constant.

Herein, we derive the relationship between the impedance
of the variable reactor and the DC voltage applied to the half-
bridge. We adopt the first harmonic analysis in the derivation,
expressed below. We assume that Veq and Zeq = Req+jXeq are
connected to the variable reactor, as shown in the equivalent
circuit in Fig. 4. Veq and Zq are the equivalent input voltage
and impedance of the receiver, respectively. Zyr = Ryr +
JXvr is the impedance of the variable reactor. The receiver
current Irx is expressed as:

Irx = Irx_me", ()

where Irx m is the amplitude of Irx and 6 is the phase
difference between Veq and Irx. The domain of 60 is
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—m/2 <0 < /2. We fixed the phase of the output voltage of
the variable reactor Vyy shifted by —sgn(Xeq)mr /2 from Irx.
Therefore, Vyr can be calculated as follows:

2

Vyr = ;VVR_DCej(efsgn(xeq)g). (2)

From (1) and (2), Irx_m and 6 can be calculated by apply-
ing Kirchhoff’s voltage law in the equivalent circuit shown in
Fig. 4. The circuit equation is

Veq = (Req + jXeq)IRX + VVR- (3)
Substituting (1) and (2) into (3), we obtain
Veq = (Req + iXeq)IRX_me” + ;VVRfDCej(e_Sgn(Xeq)%)- 4)
We express (4) using trigonometric functions:
Veq = (Req + jXeq)IRX_m{cos 0 + jsin6} —
;V\/R_Dc{cose + jsin0}sgn(Xeq)j. &)

Separating the real and imaginary components of (5) results
in

Veq = IRX_m(Req €08 0 — Xeq sin 0) + sgn(Xeq)
X ;VVRDC sin @, 6)

0 = IRx_m(Xeq €08 0 + Req sin 0) — sgn(Xeq)
X ;V\/prc cosf. @)

From (7), Irx_m can be calculated as follows:
1

2
I = Xeq)— W _ . 8
RX_m = $gn( eq)n_ VR_DC Req tan6 + Xeq ()
Substituting (8) into (6), we obtain
7T Veq .
VVR DC = sgn(Xeq)W(Req Sin@ + Xeq cos0).  (9)
eq

From (1), (2), (4), and (9), the impedance of the variable

reactor is calculated as follows:
Vvr .
Zyr = — = —j(Req tan 0 + Xeq). (10)
Irx

(9) can be rewritten as

2Req V' X
6 = arcsin sgn(Xeq)ﬂ — arctan (ﬂ) .
7 JR2, + X2 Veq Req
(11

(11) implies that 6 and Zygr can be adjusted by changing
Vvr_bc. Vvr_pc must be controlled to produce the optimal
reactance that compensates for Xeq. Based on (10), Zyr
becomes —jXeq when 6 = 0. Suppose Veq, Req, and Xeq are
provided. In that case, we can determine the optimal Vyr_pc
from (9) by substituting § = 0. However, Req and Xeq cannot
be measured in practice. Therefore, we focus on the fact that
the received power at the load is maximized when X is
compensated for.
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FIGURE 5. Equivalent circuit of the proposed scheme. (a) Schematic
based on coupling. (b) Schematic based on induced voltage.

C. LCC COMPENSATION TOPOLOGY AT THE TRANSMITTER
Four representative compensation topologies exist, series-
series (SS), series-parallel (SP), parallel-series (PS), and
parallel-parallel (PP) [31]. The SS compensation topology is
most widely used for MRC-WPT owing to its simplicity and
low cost. Unfortunately, the SS compensation topology is not
applicable to the proposed scheme because it provides CC
output characteristics at the receiver. Under the CC charac-
teristics of the receiver, the variation in the power received by
the load cannot be observed even when the residual reactance
is compensated for. Furthermore, SP, PS, and PP topologies
cannot be used as well because they do not provide the CV
output characteristic at the receiver.

We applied the LCC compensation topology at the trans-
mitter to obtain the CV characteristics of the receiver. The
LCC compensation topology provides a constant current
(CC) for the transmitter coil [32], [33]; thus, a CV is
induced on the receiver coil. The CV output characteristic
at the receiver enables the detection of the optimal Vyr pc
by observing the received power at the load because the
reactance fluctuation at the receiver influences the received
power. Notably, detuning of the transmitter coil in the
transmitter-side LCC compensation topology can be ignored
because the output impedance of the CC source is extremely
high. Thus, the proposed scheme functions as appropriate
regardless of the residual reactance generated by the induc-
tance change at the transmitter coil.

The equivalent circuit of the WPT system with the pro-
posed scheme is shown in Fig. 5. The LCC compensation
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topology shown in Fig. 5(a) can supply a CC to the transmitter
coil as shown in Fig. 5(b), regardless of the receiver condi-
tions and transmitter coil detuning. When wLs1—1/wCr1 =0
is valid, the transmitter coil current ITx is expressed as [32]

Itx = —jwC Vrx, (12)

regardless of the detuning of L;. Consequently, the induced
voltage on the receiver is expressed as

Veq = joMIrx = 0*MCp; Vrx. (13)

The equivalent impedance Z.q, connected to the variable
reactor is the same as the impedance in the receiver circuit:

Zeq = Req +JXeq =nrn +Rrec +J (a)LZ - ) ) (14)
wCy

where

8
Riec = ;Rload- (15)

The equivalent resistance Req includes the parasitic resistance
of the receiver coil r, and the resistance of the rectifier
Riec. In this analysis, the rectifier is modeled as an ideal
full-bridge rectifier with four Schottky barrier diodes [34].
The equivalent reactance Xeq includes the receiver coil L, and
compensation capacitors C,. A full-bridge rectifier can be
precisely analyzed without considering the parasitic capac-
itance of Schottky barrier diodes [34], [35].

D. COMMUNICATION-LESS DC VOLTAGE CONTROL
ALGORITHM

Herein, we clarify the effect of the residual reactance in the
receiver on the received power and power transfer efficiency.
The received power Pr_joqq and the power transfer efficiency
n of the LCC-S topology are derived as [10]:

PR 10ad = M2V Rree ,
N Lf12 (}”22 + 2raRrec + (Xeg + XVR)2 + Rrecz)
(16)
B M2@0*Ryec
1T M2y + Ruee) + 1102 + Rrge)? + 11 (Xeq + XVR();)

According to (16) and (17), the received power and power
transfer efficiency are maximized when Xeq + Xvr equals
zero. Notably, (16) and (17) are independent of the reactance
on the transmitter side; thus, the detuning of the transmitter
coil is not related to the efficiency. Notably, the efficiency
n is defined using the transmitter power after the DC-AC
power conversion; the switching and conduction losses at
the primary inverter are not considered. Suppose the switch-
ing and conduction losses are considered. In that case, the
detuning of the transmitter coil influences the efficiency.
Although the detuning of the transmitter coil is not addressed,
a zero voltage switching class-D amplifier operating over a
wide impedance range [36] or a self-tuning technique for the
transmitter-side LCC topology [17] can be used as a remedy.
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We used the received power Pg j0ad as the objective func-
tion to control the DC voltage Vyr_pc applied to the variable
reactor. The received power Pg 1024 can also be written as a
function with respect to Vyr_pc using (8) and (11):

2
(IRXm) R
ﬁ rec
Vezquec )
= — 55— C0s 0(Vvr pc). (18)
2Req

PR 10ad(VvR_DC)

An example of the relationships between Vyr pc and the
residual reactance in the receiver Xeq + Xvr with respect
to PR joad is shown in Fig. 6, which are calculated using
(10), (11), and (18). In this example, the secondary series
compensation capacitance in the receiver C; is deliberately
deviated by approximately +20% from the resonant condi-
tion. Xeq + Xvr becomes zero when Pg_joad is maximized.
The optimal DC voltage for reactance compensation can be
detected by sweeping Vyr_pc to maximize Pg joad because
PR 10ad 1s convex upward and maximized when 6 = 0 and
Zyr = —]Xeq- PRr.10ad can be measured at the receiver
load. Therefore, no feedback information is required from
the transmitter. Notably, the efficiency (17) is also maximized
when Zyr = —jXeq and Pg_jou4 are maximized.

We adopted maximum power point tracking (MPPT) con-
trol using the hill climbing method to adjust the DC voltage
applied to the half-bridge. The flowchart of DC voltage con-
trol is shown in Fig. 7. The received power at load Pg joad 1S
measured repeatedly using the load’s output voltage. Vyr pc
is determined based on the sign of APg joad, Which is the
difference in Pg j0ad before and after changing Vyr pc.

Initially, Vyr_pc gradually increased from 0 V. The direc-
tion of perturbation is maintained for the subsequent step pro-
vided the received power increases; otherwise, the direction
is reversed and the change step of the DC voltage AVyr pc

VOLUME 11, 2023
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is multiplied by coefficient o, whose value is less than unity.
This process is repeated until Vyr_pc reaches the maximum
power point.

IIl. MEASUREMENTS AND SIMULATIONS

A. EXPERIMENTAL SETUP

We implemented a WPT system, assuming the operating
frequency of a mobile charger at 200 kHz to experimentally
demonstrate the functionality of the proposed scheme. Pho-
tographs of the experimental setup are shown in Fig. 8 and
its schematic is shown in Fig. 9. The parameters of the com-
ponents used in the measurement are listed in Table 1. The
secondary series-compensation capacitance C, intentionally
deviated from —20% to +20% from the resonant condition to
validate the reactance compensation ability of the proposed
scheme. Practically, the capacitance and inductance of the
coils may deviate. However, we only deviate the capacitance
in the experiments to ease measurements. A circuit simulation
model was implemented in LTspice, using the same parame-
ters as in the measurement.

The top views of the transmitter and receiver are shown
in Fig. 8(b). The transmitter comprises a Class-D half-bridge
power converter (EPC9203, EPC), DEO-Nano FPGA (Tera-
sic) to generate the gate-drive signal, LCC compensation
circuit, and transmitter coil. The EPC9203 board includes an
input capacitor of 3 uF (Ctx and Cyr in Fig. 9). Polypropy-
lene film capacitors (R75 or R76 series, KEMET) were
used in the LCC compensation circuit. A leaded inductor
(ELC18B5R6L, Panasonic) was used as the inductor. The
receiver comprised a receiver coil, a full-bridge rectifier with
a comparator (LT1711, Analog Devices) to extract the phase
of the receiver current, DEO FPGA (Terasic) for phase shift,
and a variable reactor (EPC9203). The full-bridge rectifier
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TABLE 1. Circuit parameters.

Parameter Value Description
f 200 kHz Operating frequency
k 0.118 Coupling coefficient
Vrx pc 24V Primary DC-input voltage
Ly 2440 pH  Primary coil inductance
Ch 34.66 nF Primary series-compensation capacitance
1 0.16 © Primary parasitic resistance
Ly 6.27 uH Primary compensation inductance
Ce 102.27 nF  Primary parallel compensation capacitance
Lo 2444 uH  Secondary coil inductance
Ca Variable Secondary series-compensation capacitance
) 0.20 © Secondary parasitic resistance
Rivad 5Q Load resistance
VR DC Variable DC voltage applied to a variable reactor

was implemented using diodes (PMEG2020EH, Nexperia)
and a 47 uF ceramic capacitor. An electronic load (LN-
300A, KEISOKU GIKEN) was used as the load. Qi standard
compliant coils (WT505090-20K2-A10-G, TDK) were used
as Tx and Rx coils.

The front view of the experimental setup is shown in
Fig. 8(a). We used a DC-voltage source (PSW-1080M160,
TEXIO) as the input power source and a source-measurement
unit (Model 2450, Keithley) as the receiver-side DC-voltage
source for the variable reactor. The source measure unit can
simultaneously adjust the output voltage and precisely mea-
sure the loss. The source measure unit is replaced by a low-
power DC/DC converter or a voltage regulator in a practical
system. Notably, the receiver-side DC-voltage source is not
required to provide active power but only the voltage. There-
fore, a bulky DC/DC converter with an inductor, which is gen-
erally used as a power source, is not required. Instead, a small
and low-power DC/DC converter, such as an inductor-less
charge pump DC/DC converter or a voltage regulator using
an operational amplifier, which can be implemented in the
form of an integrated circuit, are promising candidates.

The DC input and output power were measured using
a power analyzer (PW3390, Hioki E.E. Corp.). The oper-
ating waveforms were observed using an oscilloscope
(MDO04054-3, Tektronix). For automatic control, the received
power was measured with the output voltage at the load using
an Arduino Nano board and the measured value was trans-
mitted to a laptop PC. When automatic control was enabled,
the laptop PC sent commands to the source measure unit
to change the DC voltage. In this measurement, evaluation
boards were used to implement the related circuits for phase
delay and reactance control because of the ease of prototyp-
ing. They can be implemented on one board in a practical
system, downsizing the entire system volume.

B. DEFINITION OF POWER TRANSFER EFFICIENCY

First, we define the power transfer efficiency considering the
loss at the variable reactor. Ideally, the variable reactor does
not consume active power because the phase of the output
voltage is orthogonal to the input current. In particular, the
amount of current that flows into and from the DC voltage
source is the same. However, the actual variable reactor
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FIGURE 8. Experimental setup. (a) Front view. (b) Top view.

slightly consumes active power owing to the phase shift error.
The power transfer efficiency considering the loss at the
variable reactor is defined as follows:

(PR_10ad — IPvr)/PTX, Pvr <0,
Nsys = (19)
PR 10ad/P1X, Pyr >0,

where Prx denotes the input power from the transmission
power supply and Pyr denotes the power consumed or pro-
vided by the variable reactor. The positive Pyg indicates that
the active power is consumed at the variable reactor, the same
as other losses in the receiver. Notably, Pyr can be negative.
When Pyr is negative, active power flows from the variable
DC voltage source. In this case, we subtract the absolute value
of Pyr from Pg joad in the numerator of (19) because we
assume that Pyr is provided from the received power Pg joad.

The power consumption of related circuits, such as a gate
driver and microprocessor, is not considered in this defini-
tion. This might influence the total system efficiency when
the transmitted power is quite small. However, the power
consumption of related circuits can be neglected when the
transmitted power is relatively high because it is constant
regardless of the transmitted power.

C. RECEIVED POWER CHARACTERISTICS AND OPERATING
WAVEFORM

Here, we evaluated the received power Pg joad at the load
and reactance Xeq + Xvr in the receiver with respect to the
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FIGURE 10. Received power at the load and the reactance in the receiver. (a) Measured. (b) Simulated.

DC voltage variation at the variable reactor. The secondary
capacitor was set to 31.12 nF (4+20%).

The measured and simulated received power Pg joad and
reactance Xeq + Xyr are shown in Figs. 10(a) and 10(b),
respectively. The DC voltage Vyr pc applied to the
half-bridge is increased from OV to 13.0 V. The impedance
of the variable reactor was calculated using Vyr and Irx
measured using the oscilloscope. The measured and sim-
ulated received power exhibit similar peak characteristics
when Xeq+Xvr approached 0 2. As Vyr_pc increased, Xeq+
Xvr decreased toward the capacitive region. In the measure-
ment results, the received power Pg joad increased gradually
as Vyr pc increased until Vyr pc reached 12.0V. At the
maximum power point of the measured result, Pr joad =
3.60 W. The measured impedance of the variable reactor
Ryr + jXvr is 0.18 — j5.77 2 at Vyr pc 12.0V. In the
simulation results, the maximum received power is 4.20 W
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when Vyr pc 12.0 V. The simulated impedance of the
variable reactor is —0.02 — j5.26 2 when Vyr pc = 12.0V.
Without compensation, the reactance in the receiver is
Xeq = wlp — 1/(wC?) = 5.17 Q. Hence, the total reactance
Xeq + Xvr in the receiver is calculated as —0.60 2 for the
measurement and —0.09 €2 for the simulation. Different from
the simulated result, the peak power of the experiment is
lower than that of the simulation by approximately 0.60 W.
This does not result from the loss in the variable reactor
but from the measurement error of the coupling coefficient.
Notably, the measurement error of the coupling coefficient
does not influence the functionality of the proposed scheme.
Table 2 compares the power transfer efficiency among
three conditions:
ID1) Without a variable reactor, Cp
error)
ID2) Without a variable reactor, C; = 25.88 nF (resonance)

31.12nF (+20%
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FIGURE 11. Experimental waveforms. (a) Without compensation. (b) Compensated with the variable reactor.
TABLE 2. Comparison of the power transfer efficiency.
Measurement Simulation
ID Co Xeq XVR PR 10ad Pyr Tsys | Xvr PR 10ad Pyr Tsys
1 (Without compensation) ~ 31.12 nF 5.17 Q - 1.78 W - 52.7% - 1.83W - 57.6%
2 (Resonance) 25.88nF  —0.04Q2 - 3.73W - 62.7 % - 4.17TW - 68.4 %
3 (Compensated with VR) ~ 31.12nF  5.17Q 577 3.60W —0.03W 603% | —5.26Q2 4.20W —0.10W 685%

ID3) With a variable reactor, C; = 31.12nF (+20% error);
Vvr_pc is set to 12.0 V, which is the maximum power
point.

In the case without a variable reactor (ID1), the received
power and power transfer efficiency are 1.78 W and 52.7%
as per the measurement results, and 1.83 W and 57.6% as per
the simulation results, respectively. Comparing ID1 (without
a variable reactor) and ID3 (compensated with a variable
reactor), the efficiency was improved by 14.4% in the mea-
surement and 18.9% in the simulation. In the measurement,
although the efficiency of ID3 was slightly degraded from
that of ID2 (resonance), the power transfer efficiency can be
improved from ID1 by applying the proposed scheme and
compensating for the reactance in the receiver.

The operating waveforms of Vrx, Vyr and Irx at
Vrpc = OV and Vyr pc = 12.0V are shown in
Figs. 11(a) and 11(b). At Vyr pc = 0V, the phase differ-
ence 6 between the input voltage VTx and receiver current
Irx is —38.51° in Fig. 11(a). However, 6 becomes 4.54°
at Vyr pc = 12.0V, as shown in Fig. 11(b). Evidently,
the amplitude of Irx increased as the phase difference 6
decreased. The phase difference between Vyr and Irx is
91.21°, as shown in Fig. 11(b). We validated that VyR is
orthogonal to Irx regardless of Vyr_pc, by sweeping Vyr_pc
fromOVto I3 V.

Therefore, the residual reactance in the receiver was sup-
pressed and we could determine Vyr_pc for reactance com-
pensation using the peak of the received power at the load.
Theoretically, Xeq + Xvr should be zero when the received
power is maximum. The difference between the measured
results and the theoretical calculation can be attributed to

23552

errors in the phase shift by the comparator and the fabrication
of the LCC compensation topology at the transmitter.

D. AUTOMATIC DC VOLTAGE CONTROL

The functionality of the automatic DC-voltage control using
the hill climbing algorithm was evaluated, assuming the posi-
tions of the coil remained unchanged. The change in the DC
voltage and the received power at the load is shown in Fig. 12.
The initial change step of the DC voltage AVyr pc was set
to 0.8V and the coefficient o« was set to 0.85. DC voltage
control started at ¢+ = 1s. Further, the DC voltage increased
every 0.25 s. Notably, the update interval was constrained by
the communication delay and response time of the source
measure unit used as the DC-voltage source, which can be
shortened in practical implementation. The output voltage of
the load increased with an increase in the DC voltage of the
variable reactor. At ¢t = 155, the DC voltage of the variable
reactor converged to 11.2 V. The output voltage of the load
converged to 4.62 V. The received power at the load is cal-
culated as 4.27 W. Using the static measurement from III-C,
the maximum power point obtained was Vyr pc = 12.0V,
which is almost the same as that for automatic DC-voltage
control. Consequently, the effectiveness of the automatic DC-
voltage-control algorithm was validated.

Suppose the positions change. In that case, the coupling
between the coils also changes, resulting in a change in the
received power. When the positions change instantaneously,
the hill climbing algorithm might fail to track the maximum
power point. Therefore, the control must recommence if an
instantaneous change in the received power is detected. The
change in the received power resulting from the DC voltage
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FIGURE 13. Measured transmitter and receiver current variation without
the variable reactor against secondary capacitance errors.

control is relatively small and can be predicted. However,
a sudden change in position will result in a significant change
in the received power, which has significantly different char-
acteristics from the change when the DC voltage is gradually
adjusted.

E. EVALUATION OF VARIOUS CAPACITANCE ERRORS
Finally, we conducted measurements for various capacitance
error conditions. The secondary capacitance deviated from
the resonant condition (25.88 nF) by —20% (20.19 nF) to
+20% (31.12 nF).

We evaluated the constant current characteristics of the
LCC compensation topology before the measurements with
the variable reactor. The transmitter current Itx and the
receiver current Irx for various capacitance errors were
measured without the variable reactor. The variation of ITx
and Irx is shown in Fig. 13. Irx decreased with detuning,
whereas ITx remained unchanged. These results validate the
CC characteristics at the transmitter side owing to the LCC
compensation topology.

Next, we investigated the effectiveness of reactance com-
pensation by the variable reactor compared with the pas-
sive compensation without the variable reactor. The received
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FIGURE 14. Measurement results for various capacitance deviations.
(a) Received power. (b) Power transfer efficiency. (c) DC voltage required
for reactance compensation.

power against capacitance errors is shown in Fig. 14(a). The
power transfer efficiency against capacitance errors is shown
in Fig. 14(b). The DC voltage of the variable reactor was
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determined to maximize the received power in each capac-
itance error condition, which is shown in Fig. 14(c). The
theoretical value of the DC voltage was calculated using (9).

The power and efficiency of the proposed scheme are main-
tained nearly constant regardless of secondary capacitance
detuning, whereas that of the passive compensation without
the variable reactor significantly decreased with the capaci-
tance error. Even after compensation with the variable reactor,
the power and efficiency slightly degrade as the detuning
increases because of the loss at the variable reactor. How-
ever, the degradation of power and efficiency is apparently
mitigated compared with passive compensation; for exam-
ple, even when the efficiency without the variable reactor
degraded from 62.7% to 41.8% at —20% error, the efficiency
with the variable reactor was maintained to 58.5%. When
the secondary capacitance deviated from —20% to +20%,
the degradation of efficiency from the resonant condition
was maintained within 6.7% by applying the variable reactor,
whereas the efficiency degraded by up to 33.3% without the
variable reactor.

The loss distribution of the experimental prototype against
capacitance errors is shown in Fig. 15, whereas the loss
breakdown for the —20% and +20% errors is shown in
Fig. 16. In both cases, the loss of the variable reactor is
considerably small compared with the primary inverter, cou-
pling, and rectifier losses. Comparing the positive (>0%)
and negative (<0%) capacitance error, the loss at the
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variable reactor is more significant for the negative capac-
itance error. When the capacitance error is negative, the
equivalent reactance in the receiver X, is capacitive. Conse-
quently, the variable reactor behaves inductive to cancel the
error. However, the inductive behavior of a FET bridge-based
variable reactor results in hard switching, which increases the
switching loss [20]. To avoid hard switching, a higher value
(3 is required such that the variable reactor always behaves
capacitive and achieves soft switching, as discussed in [25].

IV. CONCLUSION

This study proposed a communication-less resonant
frequency-tuning scheme at the receiver side for a magnet-
ically coupled WPT system. The proposed scheme compen-
sated for the reactance in the receiver with no communication
link between the transmitter and receiver. The only control
parameter required was the DC received power at the load,
which can be easily measured.

A class-D inverter was used as a variable reactor in the
receiver by shifting the switching phase of the half-bridge by
90° from the receiver current. The LCC compensation topol-
ogy was adopted on the transmitter side to obtain the CV char-
acteristics of the receiver, which enabled communication-less
control. The variable reactor was adjusted through the DC
voltage applied to the half-bridge, which adopted the received
power at the load as the objective function to compensate for
the reactance in the receiver. Automatic DC-voltage control
using a hill climbing algorithm was implemented in the exper-
imental prototype.

The functionality of the proposed scheme was evaluated
through measurements and simulations. The reactance com-
pensation was achieved by controlling the DC voltage to max-
imize the received power. When the secondary capacitance
deviated from —20% to +20%, efficiency degradation from
the resonant condition was limited within 6.7% by applying
the variable reactor, whereas the efficiency degraded by up to
33.3% without the variable reactor. The proposed scheme was
evaluated under the assumption of low-power mobile device
charging. However, the FET bridge-based variable reactor
is expected to be suitable even for high-power applications,
such as electric vehicles, because its structure is based on the
class-D inverter originally used as the power source.

The proposed scheme can ensure a highly efficient power
transfer under practical operating environments where vari-
ous undesirable factors exist for WPT systems and improve
the reliability of magnetically coupled WPT systems.
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