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Maximizing the efficiency of wireless power
transfer with a receiver-side switching

voltage regulator

YOSHIAKI NARUSUE"?, YOSHIHIRO KAWAHARA' AND TOHRU ASAMI'

Output voltage regulation is an essential technology for achieving stable wireless power supply. A receiver-side switching
voltage regulator is useful for realizing output voltage regulation. However, this paper shows that the switching voltage regu-
lator degrades the transfer efficiency to below 50% in a wireless power transfer system that consists of a class-D power inverter
and series-resonant transmitting and receiving resonators. Such efficiency degradation is caused by the instability of an oper-
ating point where the efficiency is >50%. The input resistance value of the switching voltage regulator at a stable operating
point is much higher than the optimum value for maximizing the efficiency. To stabilize the high-efficiency operating points,
this paper formulates a stability condition and derives its sufficient condition. The sufficient condition facilitates a system
design method using a K-impedance inverter that allows for the optimum input resistance value to lie in the range of allow-
able input resistance values. In addition, we introduce an input-voltage-based efficiency maximization method for the system
with the receiver-side switching voltage regulator. By combining these two methods, efficiency maximization is realized with
the receiver-side switching voltage regulator. The proposed methods were verified by both simulations and measurements.
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. INTRODUCTION

Although wireless power transfer (WPT) has been researched
for more than a century [1], replacing a power-feeding wire
with a wireless connection remains a challenging task. WPT
using magnetic resonant coupling was proposed in 2007
[2, 3]. Since then, it has been attracting considerable attention
owing to its high efficiency in mid-range power transmission.
It is considered to be a key technology for realizing wireless
power supply to moving objects such as electric vehicles [4],
electric home appliances [5], mobile devices [6], and biomed-
ical devices [7]. To realize these applications, many research-
ers have been focusing on resonator designs for higher
efficiency [8, 9], design methods of highly efficient WPT
systems [10], power source designs [11, 12], rectifier designs
[13], human exposure [14], and maximum efficiency point
tracking using a receiver-side DC-DC converter [15, 16].

It is challenging to realize high-efficiency and stable WPT
because of changes in the transmitter and receiver topologies
and load. Such changes affect not only the transfer efficiency,
but also the output voltage and transferred power. In terms of
the stable operation of devices that obtain electric power via
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WPT, regulation of the output voltage or transferred power
is a critical technology for achieving stable power supply.
Regulation of the transferred power is often performed by
changing the operating frequency and input power [17].
However, this method requires feedback from the receiver
side to the transmitter side over wireless communication
channels. Thus, transferred power regulation suffers from dis-
connection and delay of the channel, which result in unstable
transferred power. In a system with a receiver-side DC-DC
converter for maximum efficiency point tracking, input
voltage control allows transferred power adjustment [16].
This method is effective for realizing stable power transfer,
but it also depends on the feedback via wireless channels. A
sudden change in the receiver’s position or load resistance dis-
rupts the transferred power. Gunji et al. realized stable output
voltage using an active rectifier [18]. By stopping rectification
when the output voltage is likely to exceed its desired value,
the output voltage can be stabilized. This method does not
require wireless communication for output regulation,
because such regulation can be realized only on the receiver
side. However, the behavior of the active rectifier modulates
the currents in resonators. In terms of legal restrictions and
electromagnetic compatibility, it is desirable to avoid modu-
lated waveforms.

On the other hand, using a switching voltage regulator is an
alternative and convenient approach that can realize stable
output voltage without the requirement of feedback from
the power receiver to the transmitter, as considered in [19].
Moreover, it does not modulate waveforms. However, the
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present study shows that a receiver-side switching voltage
regulator degrades the transfer efficiency of WPT; the effi-
ciency is <50% in a system with a class-D inverter and
series-resonant transmitter and receiver, which is a common
configuration. Such efficiency degradation is mainly due to a
stable operating point of the switching voltage regulator, as
discussed in Section II. The input resistance value of the
switching voltage regulator at a stable operating point
cannot avoid being much larger than the optimum resistance
value for maximizing transfer efficiency, even with the use of
conventional efficiency maximization. In other words, operat-
ing points where the transfer efficiency is higher than 50%
have been found to be unstable.

To overcome the problem mentioned above, the present
paper formulates a stability condition and derives its sufficient
condition. Accordingly, it is proposed that an output filter be
inserted into the class-D inverter. A K-impedance inverter
inserted as the output filter can extend the range of allowable
input resistance values of the switching voltage regulator to
include the optimum value. Furthermore, it is shown that effi-
ciency maximization based on the input voltage is effective for
a system with a receiver-side switching voltage regulator.
However, conventional maximum efficiency point tracking
by directly controlling the duty ratio is not applicable
because the duty ratio is determined to regulate the output
voltage, not to maximize the efficiency. The proposed
system design and efficiency maximization method are bene-
ficial to wireless power supply systems of electrical devices that
require constant input voltage. Hence, a typical application is
supplying power wirelessly to devices that are currently
powered by an AC adapter or a USB cable, such as home
appliances, mobile phones, and micro-controller boards. We
have already presented an overview of the system design
with a K-impedance inverter and efficiency maximization
based on the input voltage, for a WPT system with a switching
voltage regulator [20]. However, losses in the rectifier and
voltage regulator were not considered in the previous study.
The present paper describes a more specific formulation
of the stability condition by considering such losses and pre-
sents the results of experiments conducted at an operating fre-
quency of 6.78 MHz.

The remainder of this paper is organized as follows. Section
I shows that a receiver-side switching voltage regulator
prevents high-efficiency WPT owing to its input resistance
value at a stable operating point, and the fundamental de-
termination mechanism of the input resistance value is
described. Section III formulates the stability condition of

M

Rrec |

operating points on the basis of a lossy equivalent circuit,
derives its sufficient condition, and shows that a K-impedance
inverter can extend the range of allowable input resistance
values to include the optimum value. Section IV explains
the principle of efficiency maximization based on input
voltage adjustment. Section V presents the results of some
simulations and experiments. Finally, Section VI concludes
the paper.

II. ANALYSIS OF ASTABLE
OPERATING POINT

In this section, the problem caused by a receiver-side switch-
ing voltage regulator is clarified. The problem is related to a
stable operating point. Figure 1 shows an analytical model
with a receiver-side switching voltage regulator. First, the
determination mechanism of its input resistance value R;, is
discussed. Here, the operating frequency f, is 6.78 MHz, and
both the transmitting resonator and the receiving resonator
have the same resonant frequency, i.e.

, (1)

where w, is the operating angular frequency of 2f,. For
example, let us consider the input resistance value R, with
the parameters listed in Table 1. Figure 2 shows the output
power P,, from the rectifier and transfer efficiency 7, as a
function of the input resistance value R;, of the switching
voltage regulator, where P,., is defined as V,.cl,ee Py is the
output power from an radiofrequency (RF) power source
VrE Ploaa is the power consumption of the load (calculated
as V7,,/Riad), and m,,,, is defined as Pj,q4/P;,. In the funda-
mental analysis described in this section, the rectifier and
switching voltage regulator are assumed to be ideal, whereas
the analysis described in Section III takes their losses into
account. The rectifier was modeled as an ideal full-bridge rec-
tifier. Therefore, it is assumed that

(2)

and that the operation of the rectifier is lossless. The input
power P, (=V,.I,) to the switching voltage regulator is calcu-
lated using the power efficiency n;, of the switching voltage

=
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Fig. 1. General block diagram of a wireless power transfer system with a receiver-side switching voltage regulator.
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Table 1. Parameters used in the analysis and simulation.

Quantity Symbol Value
Operating frequency fo (Hz) 6.78 x 10°
Operating angular frequency w, (rad/s) 27 X 6.78 x 10°
Input RF voltage Vrr (V) 6
Inductance of the transmitter L, (wH) 1
Inductance of the receiver L, (nH) 1

Mutual inductance between L, and L, M (H) 10/ w,
Capacitance of the transmitter C, (pF) 551.037
Capacitance of the receiver C, (pF) 551.037
Resistance of the transmitter r, () 1
Resistance of the receiver r, () 1

Output voltage from the regulator Vour (V) 5

Load resistance Rioaa (1) 10

regulator as

VZ
=2 (3)

b, = .
nsrRluad

In this section, the loss in the switching voltage regulator is
ignored and 7, is assumed to be 1. At a stable operating point,
the output power from the rectifier must be equal to the input
power to the switching voltage regulator, i.e.,

Py = Py (4)

must be satisfied. Note that (4) represents an equilibrium con-
dition. Because Py, is 5°/10 = 2.5 [W], there are two equilib-
rium points, and their input resistance value R, that
satisfies (4) is approximately 25.3 or 613.8 {) according to
Fig. 2. The efficiency with Ry, of 25.3 ) is much higher than
that with R,, of 613.8 ().

The stability of each equilibrium point was investigated. At
a stable operating point, even if the output voltage V.
changes from the equilibrium voltage Vi, to Vi, + AV,
Viee (=Viie + AV) must return to V.. Hence, when V.,
increases from the equilibrium voltage Vi, to Vi, + AV,
P,., — P,, must be less than zero so that V,,. returns to the
equilibrium voltage Vi, i.e.,

d(Prcv - Psr) <o.

dVrec (5)

If d(P,., — Ps,)/dV,. is positive, V,.. cannot remain at the
equilibrium voltage V... When V,,. increases from Vy, to
Viime + AV, V,.. increases further as d(P,., — P,)/dV,.. > o.
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Fig. 2. Output power P,, from the rectifier and transfer efficiency 7, as a
function of the input resistance value R;, of the switching voltage regulator.

In the same way, when V,,.. decreases from Vi, to Vi, —
AV, V... decreases further. This implies that an equilibrium
point with d(P,., — Py,)/dV,,. > o is an unstable equilibrium
point. Hence, (5) represents the stability condition. Here, we
wish to point out that (5) is true even in the case of losses
in the rectifier and switching voltage regulator, because the
derivation of (5) does not assume lossless operation.

Based on the assumption that the rectifier and switching
voltage regulator are ideal, let us judge the stability of each
equilibrium point. Equation (5) can be represented using R,
instead of V,,. as

d(Prcv - Psr) <o

dR, ’ ©)

because dR;,/dV,,, is positive with a constant 7, Since Py, is
2.5 W regardless of V,., dP,/dR,, = o. Further, (6) can be
simplified into

dp rcy
dRsr

<o. (7)

According to Fig. 2, the equilibrium point with Ry, of
613.8 () satisfies (7), whereas the other equilibrium point
with R, of 25.3 {) does not. Thus, the actual value of R,, is
613.8 ().

To verify the analysis presented above, we conducted a
circuit simulation. Figure 3 shows the circuit simulation
setup using LTspice. The components used in the simulation
were the same as those used in the analysis except for the rec-
tifier and the switching voltage regulator. The rectifier was
modeled as a full-bridge rectifier using four Schottky diodes
(PMEG4020EPK) and a smoothing capacitor of 1o pu F.
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Fig. 3. Simulation setup in LTspice.
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Fig. 4. Simulated output voltage V,,, from the rectifier and input current I, to
the switching voltage regulator.

Because the input power to the switching voltage regulator is
2.5 W regardless of V., the switching voltage regulator and
the load resistance of 10 () can be modeled as a component
that consumes 2.5 W regardless of V... In the simulation on
LTspice, the switching voltage regulator and load were
modeled as a behavioral current source of 2.5/V,.. A. Its
power consumption was Ve X 2.5/V,,. = 2.5 W. Further,
the behavioral current source was activated 1 ms after the ini-
tiation of the simulation, so that it could store sufficient energy
before starting itself up.

Figure 4 shows the simulated V,,. and the input current I,
to the switching voltage regulator, which was simulated as the
input current to the behavioral current source. The voltage
Vi and input current I, converged to approximately
39.22V and 63.8 mA, respectively. Hence, the simulated
input resistance value R, at the stable operating point was
approximately 39.22/0.638 ~ 615 (), which was close to
613.8 (). Thus, the simulation result supports the analysis.

The input resistance value R, of the switching voltage regu-
lator is determined on the basis of (4) and (7). Depending on
the input power P, to the switching voltage regulator, the
input resistance values R;, of the equilibrium points also
change. However, according to (7) and Fig. 2, the input resist-
ance value R;, cannot be less than the resistance value Ry (npp)
that maximizes the output power P, from the rectifier
because dP,.,/dR,, is positive when R, is less than Rgpp).
Because the output power P, is maximized when R, is
equal to

(wM)*

1

Rrec(mpp) = + 1, (8)

the resistance value R () is calculated as

7 ((wM)*

Romppy = — | ——— + 1. | ~124.6 (9)
8 ry

using (2). On the other hand, the resistance value Rgy(cp) that

maximizes the transfer efficiency n,,,, is calculated as

(10)

)
Rsr(mep) - ? Ty 1+

on the basis of (2) and [10]. With the parameters listed in
Table 1, Rypp) is much larger than Rgp). Hence, WPT

at the maximum efficiency point is impossible. In general,
Ry(mppy s larger than Ry unless (wM)* is equal to o
because

R

., ™ ((wM>4 )

r,(wM)*
sr(mep) — ?4 + .

2
sr(mpp) r2 3
Thus, the maximum efficiency point, where Ry, is Ryr(mep)» is
beyond the stable operating range. Within the stable operating
range, the input resistance value of the switching voltage regu-
lator is larger than R, and the transfer efficiency n,,
decreases monotonically as the input resistance value R,
increases according to Fig. 2. Hence, the transfer efficiency
Nwpe at the stable operating point is less than

Rrec(mpp) (WM)Z/Rrec(mpp) +1

nwpt = Rrec(mpp) + 1, ((wM)l/Rrec(mpp) + 7’2) +n (12)
_ (M) /r) +1 (@M)*/((@M)*/1,) + 21) (13)

(@M)*/r1) + 21, (@M)*/((@M)*/11) +212) + 11
L (14)

2(((@M)*/115) + 2)
= &, (15)
2(QiQ +2)

where Q, and Q, are quality factors defined as wM/r, and wM/
1,, respectively. Even if Q, and Q, are high, the maximum effi-
ciency at the stable operating point with a switching voltage
regulator is <50% according to (15). With the parameters
listed in Table 1, the theoretical and simulated values of
Nupe are only 16.2 and 17.7%, respectively. On the other
hand, the transfer efficiency at the maximum efficiency
point without the receiver-side switching voltage regulator is
known to be

B Q.Q.
nwpt - (1 + /——1 + Qle)z

(16)

—w/ a switching regulator
—w/o a switching regulator

75

50

Efficiency [%]

25

I '

0 10 20 30 40 50 60 70 80 90 100
Quality factor

Fig. 5. Comparison between the theoretical efficiencies with and without a
receiver-side switching voltage regulator. Each efficiency is plotted as a
function of a quality factor Q = Q, = Q,.
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Fig. 6. System configuration with an output filter connected to the output of a power source.

according to [10]. The theoretical maximum efficiency with
the parameters listed in Table 1 is 81.9%. Figure 5 shows the
theoretical maximum efficiencies with and without a
receiver-side switching voltage regulator as a function of a
quality factor Q = Q, = Q,. As the quality factor increases,
the theoretical maximum efficiency without a switching regu-
lator approaches 100%. However, the maximum efficiency
with a switching regulator cannot exceed 50%.

To realize high-efficiency WPT, the input resistance value
Rgr(mepy should be in the stable operating range. If Ryy(pp) is
less than Rmep) then Rg(mep) is in the stable operating
range. The next section describes a system design using a K-
impedance inverter to decrease Ry(ypp)-

1. STABILIZATION OF THE
MAXIMUM EFFICIENCY POINT

This section discusses the stability condition that takes into
account the losses in the rectifier and switching voltage regu-
lator. In addition, it describes a system design using a K-
impedance inverter to realize stable operation at the
maximum efficiency point. Figure 6 shows an analytical
model with an output filter inserted between the RF power
source and the transmitting resonator. By inserting an appro-
priate output filter, we aim to stabilize the input resistance
value of Rg(mepy Which does not change if there is a slight
loss in the output filter.

The stability of the input resistance value Ry, is determined
by (5) even in the case of losses in the rectifier and switching
voltage regulator, because the derivation of (5) is not based on
the lossless conditions of the rectifier and regulator. However,
it is difficult to design the output filter directly from (5). For
designing a suitable output filter, it is necessary to represent
(5) by using the ABCD-matrix of the output filter and vari-
ables in the equivalent circuit shown in Fig. 6.

In the analysis, the rectifier was assumed to be a full-bridge
rectifier with four Schottky barrier diodes. It is known that a
full-bridge rectifier can be precisely analyzed by modeling
each Schottky barrier diode as an ideal switch with a voltage
drop V; equal to the barrier height of the diode and a series
resistance R, as shown in Fig. 7 [21]. Assuming a sinusoidal
current input of I to the full-bridge rectifier, the input

voltage Vie._in to the rectifier is represented as

4 I
Vieeiin = — (Viee + 2Vi) — + 2R(. (17)
™ |
By applying Kirchhoff’s voltage law (KVL), we get
. 4 I
Veq = I(Req +]Xeq) + 7_T(Vrec + 2Vt)m + 2R, (18)

where V., and R, +jX., are the equivalent voltage and
impedance of Thévenin’s equivalent circuit, respectively.
Calculating the square of the absolute value of each side gives

( sum -f-XZ )|I| +2V5umRsum|I| + ( sum {V6q|2)

=o, (19)

where V,,,, and Ry, are defined as 4(V,.. + 2V;)/mand R,, +
2R, respectively. Hence, | I| can be solved as

_VsumRsum + \/| Veq’stzum - ( sum ’Ve‘1| )

1l = " "
R, + X2,

sum

(20)

The output current I,.. from the rectifier is calculated as
2|I|/ar, and it is a DC current. Because the output power
from the rectifier is calculated as

2
Py =— |I|Vreu (21)
a

/ Rs
V

Schottky barrier diode Model

(a) (b)

Fig. 7. Modeling of a Schottky barrier diode using an ideal switch with the
voltage drop V; equal to its barrier height and a series resistance R,.
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dP,.,/dV .. is calculated as follows:

dap, 8 Roum + VaumX2,/
Cv:£|1|_7vmcus (22)
AVyee > R, + X2,
where « is given by \/ | Veq‘stzum ( 2 ‘Veq’ )
Hence, (5) is represented as
8 Rom + Vsum)(2 /a dPS,
|I| rec A - <o. (23)
o Rz, + ng AV e

Here, we consider the stability condition of the equilibrium
point where (4) is satisfied. From (4), (20), and (21),

_ _VsumRsum +a _ 77Psr
[l = — = (24)
sum + X ZVWC

holds. Further, (23) is transformed into

P, 8
vV - o rec
Raan + (VX2 VeamRoam + (R + X2, ) (7P /2V,00))
Rszum + Xg-q
dp,,
< .
dVrec
(25)
Finally, (25) is simplified into
_ i 1+ BRsum ddlsr : (26)
Rsum + B( sum + Xezq) Vrec
where B is defined as 7P,/(2Vy,,Vie). In the last
transformation,
dlsr d P, 1 dPsr P,
= = (27)
dVrec dVrec Viec \ d Vrec Vrzec

was applied. By measuring all the variables in (26) around the
maximum efficiency point, it is possible to judge whether the
maximum efficiency point is stable. However, a system design
using (26) is not straightforward.

To realize an easier system design, we propose the use of
the sufficient condition of (26) instead of (26) itself. By

ik —iK

ignoring

(VanX2,)

(VsumRsum + (R:um + ngq)(wpsr/zvrec)) >0

8 Rsum
- —| <
sum + X

is derived as a sufficient condition. Using this inequality is
beneficial because the switching voltage regulator can be inde-
pendently evaluated. The right-hand side does not include the
variables of the filter, resonators, or rectifier. Moreover, the
left-hand side does not include the variables of the switching
voltage regulator. The left-hand side of (28) decreases as
|Xeql and Ry, approaches o and |X,,|, respectively. Because
Rq,m is positive owing to R;, the left-hand side of (28) is mini-
mized when |X,y| is 0 and R, is minimized. The output filter
should be designed to realize sufficiently small values of Ry,
and |X,,| in order to satisfy (28) in the operating range includ-
ing the maximum efficiency point. We wish to point out that
(28) is equivalent to (26) when |X,,| is o, because

(VanX2)

(VR + (R + X2, ) (7P /2Vr00))

in (25),

dl,
dvrec

(28)

is also o when |X,,| is 0. Hence, the sufficient condition (28)
approaches the original inequality (26) as |X.,| decreases.

In this paper, we propose the use of a K-impedance inverter
as an effective filter. Because Ry, and X, are calculated as

_ o (M)
Rsum = Re <W) + r, + ZRss (29)
_ (M)
Koy = I ((B/A) T n) (50)

by using the ABCD-matrix of the output filter and the para-
sitic resistance values in the resonators shown in Fig. 6, an
output filter with sufficiently large |B/A| is necessary.

As an output filter with an extremely large |B/A|, a K-
impedance inverter is one solution. A K-impedance inverter
can be realized by a T-network, a II-network, or coupled

M= wau

®
K Q]’K

T-network

(a) (b)

[ 1
—_

[-network

=3

E

Coupled resonators

()

Fig. 8. Examples of circuit configurations of a K-impedance inverter. (a) T-network, (b) II-network, (c) Coupled resonators whose resonant frequencies are equal

to the operating frequency f, (f, = 1/(27m/L,C,) = 1/(2m/L,C,).
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resonators, as shown in Fig. 8. Its function is to convert the
impedance of Z into K*/Z. It has been used to analyze or
design the coupling between resonators in WPT [10, 22, 23].
The ABCD-matrix of a K-impedance inverter is represented as

o —jK
F=|1 (31)
jK

Hence, |B/A| is infinity. When |B/A| is infinity, R, =
7, + 2R, and X, = o. Then, (28) can be converted into

8 dl,
— < .
7T2(r2 + ZRS) dVrec

(32)

Note that (32) represents the limitation of the proposed
method. The proposed method is not effective for combina-
tions of devices that do not satisfy (32).

Besides the K-impedance inverter, there are other filters
with large |B/A|. However, the advantaged of the K-imped-
ance inverter is that it does not affect the power factor.
When the impedance seen from the input of the transmitter
is purely resistive, the input impedance of the K-impedance
inverter is also purely resistive. On the other hand, there is
an alternative way to design an output filter that consists
only of reactance elements to minimize the loss in the filter.
Because A of the ABCD-matrix should be o to realize large
|B/A|, the ABCD-matrix of the filter with only reactance ele-
ments can be represented as

o —jx
F=1* | (33)
J%

where x, and x, are real numbers. For example, the output
filter with the ABCD-matrix of (33) can be realized using a
K-impedance inverter with K= x, and a lumped reactance
element with an impedance of j x,x,, as shown in Fig. 9.

To verify the effectiveness of the K-impedance inverter, we
conducted a circuit simulation. The components were the
same as those presented in Section II except for the insertion
of a K-impedance inverter with K= 10. The K-impedance
inverter was modeled using a T-network circuit including
two series inductors of 234.7 nH and a shunt capacitor of
2.347 nF. The simulated V., I, and 7, were 2.586V,
967 mA, and 52.2%, respectively. The Ry, value of the operat-
ing point was just 2.586/0.967~2.67 €}, which was smaller
than Rg(ep)- Thus, the maximum efficiency point was in a
stable operation range. However, to maximize the transfer

jx1%2
— K —_1—
impedance
inverter
o— K=x; p—e

Fig. 9. Realization of (33) with a K-impedance inverter of K=x, and a
lumped reactance element with its impedance of j x,x,.
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Fig. 10. Output power P,, as a function of the input resistance value R, in a
system with a K-impedance inverter of K= 10 when the input voltage value
Vgpis from 5 to 15 V.

efficiency, R, should be adjusted to R(mep). The next
section describes an efficiency maximization method based
on input voltage control.

V. MAXIMIZING EFFICIENCY BY
INPUT VOLTAGE ADJUSTMENT

Recently, a maximum efficiency point tracking method using
a receiver-side DC-DC converter has been studied exten-
sively. A switching voltage regulator is a type of DC-DC con-
verter, but it is impossible to control its duty ratio to maximize
efficiency because the duty ratio is controlled to regulate the
output voltage. However, the duty ratio depends on the
ratio of V,,; and V,... Moreover, V,,. depends on the input
voltage Vzr. Here, maximum efficiency point tracking is rea-
lized by controlling the duty ratio indirectly via input voltage
control. Figure 10 shows the theoretical output power P,
from the rectifier when the input voltage Vg varies from 5
to 15 V. As the input voltage Vyp increases, the input resist-
ance value of the stable operating point denoted by a black
circle also increases. Figure 11 shows the simulated R, and
transfer efficiency m,,, with a K-impedance inverter of a
T-network circuit including two inductors of 234.7 nH and
a capacitor of 2.347 nF. As the input voltage value Vip
increases, the input resistance R, also increases in the simula-
tion. Depending on the change in Ry, the transfer efficiency
Nupe has one peak. When the input voltage Vigp is around

100

175

Input Resistance [£1]
Efficiency [2&]

4125

% 8 10 12 14 16 18 20
Input RF Voltage [V]

Fig. 11. Simulated transfer efficiency 7., and output voltage V. as a
function of the input voltage value with a K-impedance inverter of K = 10.
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10V, the transfer efficiency is maximized (70.1%) and R, is
17.4 (). These results validate the proposed efficiency maxi-
mization based on input voltage control with the switching
voltage regulator. By monitoring the output power from the
RF power source (P;,) while changing its voltage value Vg,
the input voltage value Vgpop that minimizes the output
power P;, can be obtained. Further, Vgp(ypy is the optimum
input voltage value of the RF power source Vgp because the
power consumption of the load is V7, /Riaq, which is a con-
stant. The simulated optimum Ry, of 17.4 {} is larger than the
theoretical Ry(nep)> which is 12.4 (). The difference is attribu-
ted to the losses in the rectifier. In general, the power conver-
sion efficiency of the rectifier increases with V... Thus, higher
R,, enhances the efficiency of the rectifier. The proposed effi-
ciency maximization is effective in enhancing the efficiency of
both the coupled resonators and the rectifier. We note that the
maximum efficiency realized by the proposed method is
slightly lower than that realized by conventional DC-DC con-
verter-based methods because the K-impedance inverter has a
small loss. However, as described in Section V, the efficiency
of the K-impedance inverter is virtually negligible. In the
experiments described in Section V, the efficiency is more
than 97.5%.

V. MEASUREMENTS AND
SIMULATIONS

To confirm the validity of the proposed methods, we imple-
mented a WPT system with a K-impedance inverter and con-
ducted experiments at an operating frequency of 6.78 MHz. In
addition, circuit simulations using LTspice were conducted
with the measured parameters of the fabricated devices, and
the results were compared with measurement results.

In the measurements and simulations, the output voltage of
the switching voltage regulator was 5 V and the load resistance
was 10 (), assuming power supply to USB 1.x and 2.0 devices
in a desktop environment. The voltage rating of USB 1.x and
2.0 devices is 5V, while their power limitation is 2.5 W.
Further, 10 () is the load resistance required to consume
2.5 W. As the switching voltage regulator and load of 10 (),
V7805-1000 (CUI Inc.) and LN-300A-G7; (KEISOKU
GIKEN) were used, respectively. In this study, the off-the-
shelf switching voltage regulator V7805-1000 was utilized.
We believe that an off-the-shelf switching voltage regulator
is useful because it facilitates the design and fabrication of
power-receiving devices. According to the data sheet of
V7805-1000, its input voltage ranges from 6.5 to 32V, the
maximum output current is 1 A, and the power conversion
efficiency ranges from 88 to 93%. An n-channel MOSFET
(PSMNo50-80PS) was inserted as shown in Fig. 12 to activate
V7805-1000 after storing sufficient energy in C,., to activate it.
The drain-gate voltage v, was controlled using Arduino
MEGA. Further, the V-I characteristics of the switching
voltage regulator were measured using a power analyzer
(Hioki E.E. Corp. PW6o01) and a DC power supply (TDK-
Lambda Z60-7) in a constant voltage mode, as shown in
Fig. 13. Based on the measured values, the range of the
input resistance value was calculated as around 12-100 ().
In addition, dI,/dV .., which is the right-hand side of (28),
was calculated numerically, as shown in Fig. 13; its
minimum value is approximately —o.0565. Hence, if the

Vec Vour = 5 [V]
Rectifier —=> va:jtf:gir;g
Regulator
Cree —— |\7805-1000| Cout —— [] Rioad = 10 [Q]
-
4 4 PSMN050-80PS_| |
Arduino

Fig. 12. Connection between V7805-1000 and the load of 10 ). An MOSFET
is inserted for enabling or disabling the switching voltage regulator.

left-hand side of (28) is less than —o0.0565, any input voltage
from 6.5 to 32 V is in the stable operating range.

Figure 14 shows the fabricated transmitting resonator and
receiving resonator. Both consist of copper wire having a
diameter of 1 mm. As the capacitors, polypropylene film capa-
citors of the KEMET Ry73 or R74 series were used. The trans-
mitting resonator was a helical coil around a polystyrene foam
core, having 4 turns, a diameter of 30 cm, and a pitch of 1 cm;
it was connected in series with a capacitor of 62.2 pF. Further,
its input impedance was 1.92 — jo.34 {). The receiving reson-
ator was a spiral coil around an acrylic plate, having five turns
and an inner diameter of 10 cmj; it was connected in series
with a capacitor of 100 pF. Further, its input impedance was
1.78 + jo.67 (). The parameters of the resonators are listed
in Tables 2 and 3. In the measurements, the vertical displace-
ment of the receiving resonator was o, 2, 4, and 6 cm from the

B I | eoeoa;-a-B-e'ﬂ'é'g'e'a'a'é_a_o ?
o

0.4} M —— {002
E o di [dV
E 031 --0.04
: :
o =]
‘30.2 F 4-0.06
g =

01k ~4-0.08

0 1 Il Il 1 1 _0_1
5 10 15 20 25 30 35

Input Voltage [V]

Fig. 13. Measured input current to V7805-1000 and the right-hand side of
(29) as a function of the input voltage value.

RX

=
() (b)

Fig. 14. Fabricated resonators: (a) transmitter and (b) receiver.
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Table 2. Parameters of the fabricated transmitting resonator.

Quantity Value
Type Helical
Number of turns 4

Pitch (cm) 1
Inductance (u H) 11.5
Capacitance attached (pF) 51.9
Resistance ({)) 1.92

Input impedance (2) 1.92 — jo.34

Table 3. Parameters of the fabricated receiving resonator.

Quantity Value
Type Spiral
Number of turns 5
Inductance (u H) 5.47
Capacitance attached (pF) 100
Resistance ({2) 1.78

Input impedance (2) 1.78 + jo.67

top of the transmitting resonator. By using the measured
mutual inductances and the parasitic resistance of each reson-
ator, we calculated the optimum input resistance value R, of
the rectifier on the basis of [10]. The measured mutual induct-
ance, optimum input resistance value R,., and theoretical
maximum efficiency with each vertical displacement are
listed in Table 4. From the optimum value of R, the
optimum input resistance value R, of the switching regulator
was calculated as 23.2, 20.8, 17.9, and 15.1 () by using (2). All
these values are in the range of the input resistance value of
V7805-1000.

To stabilize the maximum efficiency point, a K-impedance
inverter was fabricated. In this measurement, the K-

Table 4. Mutual inductances, optimum resistances, and theoretical
maximum efficiencies.

Displacement Mutual Optimum Maximum
(cm) inductance (nH) load (Q) efficiency (%)
0 695 28.6 88.3

2 624 25.7 87.0

4 537 22.1 85.1

6 451 18.6 82.5

Fabricated K-impedance inverter

(a)

Fig. 15. Fabricated K-impedance inverter and its equivalent circuit.

Lport1 = 328 [nH]

Cport1 = 1.47 [nF]

impedance inverter was fabricated using coupled resonators
as shown in Fig. 8(c). The optimum resistance value for min-
imizing the loss in the K-impedance inverter using coupled
resonators can be calculated in the same way as that for
WPT because their configurations are the same. Figure 15(a)
shows the K-impedance inverter fabricated using a ferrite
core (EPCOS B62152A1X1). Fig. 15(b) shows the equivalent
circuit and measured parameters. Because the input imped-
ance Z;, seen from the input of the transmitting resonator
when R, is optimum can be calculated as

(oM)*
Ty + Rrec(mep)
(wM)*

1o+ 12y/1 4+ (@M)?/1,15)

Zin =1+

(34)

:r1+

the theoretical values of Z;, with vertical displacements of o, 2,
4, and 6 cm are 30.8, 27.7, 23.9, and 20.1 ), respectively. It is
important to design a highly efficient K-impedance inverter
with an input impedance of 20.1-30.8 ). Their average
value is approximately 25.6 {). We adjusted the number of
turns of each inductor such that the input resistance value
for minimizing the loss in the K-impedance inverter would
be close to 25.6 ). As a result, the number of turns of the
inductor connected to port 1 was one and the number of
turns of the other inductor was two. When the RF power
source was connected to port 1 of the K-impedance inverter,
the optimum impedance connected to port 2 was calculated
as 34.2 (). On the other hand, when port 2 was connected
to the power source, the optimum impedance of port 1 was
22.4 ). Hence, port 2 was connected to the RF power
source and port 1 was connected to the transmitter.
Figure 16 shows the efficiency of the fabricated K-impedance
inverter when a resistive load is connected to its port 1. The
efficiency was calculated using the measured parameters of
the fabricated K-impedance inverter and defined as the
power consumption of the resistance connected to port 1
divided by the input power from port 2. From 15 to 33.5 (2,
the efficiency was >97.5%. Hence, the loss in the K-imped-
ance inverter has an insignificant effect on the overall effi-
ciency of the implemented wireless power system. When the
range of input impedances is too wide to be covered by a
single K-impedance inverter, connecting several K-impedance
inverters via switches and activating only one of them is an
effective approach. It is noted that a K-impedance inverter
should be fabricated with heat sinks when the transferred

M = 649 [nH]
02620 M =227 "™ 04000

Lportz = 1.29 [uH]

Cportz = 470 [pF]

[ R

Equivalent circuit

(b)



MAXIMIZING THE EFFICIENCY OF WPT WITH A RECEIVER-SIDE SWITCHING VOLTAGE REGULATOR

97.5}

Efficiency [%]
w
o

92.5¢

L L

L A
10 20 30 40 50
Input resistance value connected to the port 1 [£2]

90

o

Fig. 16. Efficiency of the fabricated K-impedance inverter as a function of the
input resistance value connected to its port 1.

power is sufficiently high to cause heating of the K-impedance
inverter.

As the RF power source, a class-D zero voltage switching
full-bridge inverter (EPC9065) was used. We used a DC
voltage sources (TDK-Lambda Z60o-7 and TEXIO PA18-3B)
in a constant voltage mode as the main power source and
logic supply to EPCgo65. A full-bridge rectifier was imple-
mented using PMEG4020EPK diodes, a ceramic capacitor of
10 u F, and an aluminum electrolytic capacitor of 470 u F.
We measured the equivalent impedance R, + jX., by using
a vector network analyzer (Rohde & Schwarz ZVL3).
During the measurements, port 1 of the K-impedance inverter
was connected to the transmitting resonator and port 2 was a
short circuit because the output impedance of a class-D
inverter can be approximated as o () [24, 25]. Table 5 lists
the measured values of R, + jX.,. According to the data
sheet of PMEG4020EPK, V, and R, were approximated as
0.395 V and 95 m (). Therefore, the left-hand side of (28)
can be calculated as —o0.307, —0.339, —0.371, and —0.400
with vertical displacements of o, 2, 4, and 6 cm, respectively.
The maximum value of the left-hand side of (28) was
—o0.307; hence, the value of the left-hand side was always
less than the minimum value of the right-hand side of (28)
at any vertical displacement. Thus, the overall input voltage
of the switching voltage regulator is in the stable operating
range, as is the maximum efficiency point.

Figure 17 shows the measurement setup, and the block
diagram of the measurement setup is shown in Fig. 18.
Figure 19 shows the simulation setup. In the simulations, an
RF power source was modeled using two square-wave
voltage sources having a duty ratio of 50%. The switching
regulator was also modeled as a behavioral current source of
2.5/0.9 W, assuming that the power conversion efficiency of
the switching voltage regulator was 90%. Figure 20(a) shows
the measured efficiency 7,,.,s. The measured efficiency 1,,¢4s
was defined as the power consumption P,,, of the load of
10 () divided by the input power P;, from a constant DC
voltage source. Hence, 1,,.,s includes the efficiencies of the
DC-RF inverter, K-impedance inverter, coupled resonators,
rectifier, and switching voltage regulator. The minimum

Table 5. Measured value of R, + jX., with vertical displacements.

6 cm
1.750 + jo.58 ()

ocm
2.075 + j1.01 Q)

2cm
1.949 + jo.84 )

4cm
1.845 + jo.69 ()

Fig. 17. Experimental setup.

input voltage V,, which is defined in Fig. 18, with each vertical
displacement was the value when V. reached 6.5V.
Figure 20(b) shows the simulated efficiency 7, which was
defined as 2.5 W divided by the total output power from
two square-wave voltage sources. The input voltage V;, was
varied from 1 to 30 V at intervals of 1 V. The simulated effi-
ciency was shown with the input voltage V;, that realized a
power supply of 2.5 W. Both the simulation results and the
measurement results showed that the efficiency curve as a
function of the input voltage V;, with each vertical displace-
ment has one peak and the peak efficiency is >50%, although
the theoretical maximum efficiency without a suitable output
filter does not reach 50%. Thus, the maximum efficiency point
is successfully stabilized by the K-impedance inverter, and the
transfer efficiency can be maximized by applying input voltage
adjustment. Moreover, the fabricated WPT system could
realize stable operation even when V. is equal to 6.5 V.
Hence, the entire range of the input voltage to the switching
regulator was stabilized. The proposed methods were thus
validated by both measurements and simulations. There are
voltage gaps of about 2 V between the input voltage values
(Vi) to maximize the efficiency in the simulations and mea-
surements, which are attributed to errors caused by modeling
of the diodes, rectifier, RF power source, and switching voltage
regulator in the simulations. The rectifier may cause errors
owing to the parasitic resistance, capacitance, and inductance
in the printed circuit board as well as individual differences in
the Schottky barrier diodes employed in the rectifier. Two
square-wave voltage sources were used to model the full-
bridge class-D inverter; hence, the losses in the field effect
transistors (FETs) and the effect of dead time were not consid-
ered in the simulations. The efficiency of the switching voltage
regulator was assumed to be 90% in the simulations; however,
the actual value varies between 88 and 93% depending on the
input voltage to the regulator.

We also tried to transmit power without the K-impedance
inverter, but it was impossible within the recommended
current limitations of EPCgo065 and the operation range of
the input voltage of V7805-1000. This is because when R;, is
larger than Ry, the input impedance seen from the
input of the transmitting resonator is less than 2r, in a
system without the K-impedance inverter, and a larger value
of R, requires a larger output voltage V,. to consume
2.5 W. Instead, we simulated the transfer efficiency without
a K-impedance inverter. Figure 21(a) shows the simulated
transfer efficiency as a function of the input voltage of the
RF power source. The full-bridge rectifier was originally
modeled with Schottky diodes (PMEG4020EPK); however,

51



52 YOSHIAKI NARUSUE, YOSHIHIRO KAWAHARA AND TOHRU ASAMI

Arduino
&omom:

"J;':c Vﬂllt
— - - —

oc Pn | pe.RrF % % Switching Pout| Electric
Voltage K inverter Rectifier Voltage Load
Sources EPC9065 H E Regulator 100

Transmitter Receiver

‘{IIII

s

Fig. 18. Block diagram of experimental setup.
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Fig. 19. Simulation setup for the verification of measurement results.
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Fig. 20. Measured efficiency 1,,..s and simulated efficiency 7, as a function of the input voltage V, to a class-D inverter when the vertical displacement of the
receiver is o, 2, 4, and 6 cm.
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Fig. 21. Simulated efficiency 7, and output voltage V,,. from the rectifier without the K-impedance inverter as a function of the input voltage V;, to a class-D
inverter.
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we used PMEG10020ELR in this simulation, because it was
found that the output voltage V,,. exceeded 40 V in most of
the simulation conditions, as shown in Fig. 21(b). The input
voltage was varied at intervals of 0.01V to find the
minimum input voltage for realizing a power supply of
2.5 W. As the input voltage decreases to the minimum input
voltage, the efficiency increases monotonically, but it does
not reach 50%. This result supports the theoretical analysis
and confirms the effectiveness of the K-impedance inverter.

VI. CONCLUSION

Instead of controlling the frequency or input voltage, using
a switching regulator in the receiver side of a WPT system
is one of the solutions to realize stable output voltage.
However, this paper showed that the receiver-side switching
voltage regulator drastically degrades the WPT efficiency
because of its input resistance value at a stable operating
point. Specifically, the input resistance value at a stable oper-
ating point is higher than the optimum resistance value in a
WPT system with a class-D inverter and series-resonant
transmitter and receiver. To maximize the transfer efficiency,
we derived the input resistance value of the switching voltage
regulator at a stable operating point, and we proposed a
system design with a K-impedance inverter. The system
with the receiver-side switching voltage regulator and the
K-impedance inverter as an output filter in the RF
power source achieved the optimum input voltage for maxi-
mizing the transfer efficiency. Simulations and measurements
showed the effectiveness of the proposed methods. The pro-
posed method is beneficial for wirelessly powering electric
devices that require a constant operating voltage, such as
home appliances, mobile phones, and micro-controller
boards.
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