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Abstract—In practical multiple-receiver wireless power trans-
fer systems, the parameters of the coils and capacitors may vary
from their designed values, thus preventing the reactance of
the transmitter and receiver coils from being completely com-
pensated. This paper proposes a control scheme for pulsewidth
modulation controlled switched capacitors to compensate for the
self-inductance variations of the coils and maintain the transmis-
sion efficiency. The proposed control scheme is implemented by
completely separate closed-loops on each circuit to avoid wireless
communication, which has been a major challenge in previous
methods. The effectiveness of the proposed control scheme is
verified by an experimental prototype consisting of a single
transmitter coil and two receiver coils.

Index Terms—Multiple receiver, switched capacitor, wireless
power transfer (WPT).

I. INTRODUCTION

Wireless power transfer (WPT) via magnetic resonance
coupling is attracting attention from the industry for its
convenience and safety. One advantage of this technology
is the ability to transfer power to multiple receivers from
a single transmitter coil [1]-[15]. Applications of multiple-
receiver WPT include mobile devices, household appliances,
sensors, and so on.

Typical WPT systems adopt compensation capacitors on
the transmitter (TX) and receiver (RX) circuits to compensate
for the reactance of the TX and RX coils [16]. However, in
practical applications, the parameters of the coils and capac-
itors may vary from their designed values, thus preventing
the reactance from being completely compensated. Several
methods have been proposed in the literature to address this
issue. In [17], [18], variable capacitors or active rectifiers have
been adopted to compensate for the unnecessary reactance in
single-receiver WPT systems. In [19], [20], variable capaci-
tors have been adopted in multiple-receiver WPT systems to
compensate for the parameter variations and cross interference
among individual receivers. The control scheme of the variable
capacitors in [19], [20] use the phase difference between
the TX current and RX current as the feedback information.
Wireless communication [19] or additional circuits [20] are
required to obtain the phase difference, which remains to be
a major limitation from a practical point of view.

This paper addresses the issue of parameter variations
in multiple-receiver WPT systems and proposes a practical
control scheme for pulsewidth modulation (PWM) controlled
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Fig. 1. Simplified circuit of a multiple-receiver WPT system.

switched capacitors. The control scheme proposed in this paper
can be implemented by completely separate closed-loops on
each circuit, thus eliminating wireless communication and
additional circuits. The basis of the proposed control scheme
is the constant amplitude control of the TX current, which
is necessary to mitigate the interference between individual
receivers [19], [20].

II. PROPOSED CONTROL SCHEME

In multiple-receiver WPT systems, the power transferred to
one receiver can be affected by the position and load condition
of other receivers. A detailed description of this phenomenon
and a solution to isolate the power flow to each receiver is
provided in Section II-A. Based on the discussion in Section
II-A, a control scheme for PWM-controlled switched capac-
itors is proposed in Section II-B to adapt to self-inductance
variations and improve the transmission efficiency.

A. Independent Power Transfer to Multiple Receivers

Fig. 1 shows a simplified circuit of a multiple-receiver WPT
system. V; represents the AC voltage applied to the TX circuit.
Ly, Cy, and R, represent the self-inductance of the TX coil, the
compensation capacitance of the TX circuit, and the equivalent
series resistance (ESR) of the TX circuit, respectively. Ly, C,
Ry, and Ry, (kK = 1,...,n) represent the self-inductance of
the k-th RX coil, the compensation capacitance of the k-th RX
circuit, the ESR of the k-th RX circuit, and the load resistance
of the k-th RX circuit, respectively. My, (K = 1,...,n)
represents the mutual inductance between the TX coil and



the k-th RX coil. In this paper, the distance between the
receivers are assumed to be sufficiently large such that the
mutual inductance between the RX coils can be neglected.
The reactance of the TX circuit and the k-th RX circuit are
defined as:

. . 1
JXt = jwly + ——, (D
JwCi
1
i X = jwL — (k=1,....,n). 2

When the reactance of the TX and RX coils are perfectly
compensated, X; and X}, are equal to zero. However, when the
self-inductance of the coils vary from their designed values,
X and X}, are not equal to zero. The effects of X; and X}, on
the power transfer characteristics will be discussed in detail in
Section II-B.

By applying Kirchhoff’s voltage law to the circuit in Fig.
1, the following equations can be obtained:

Vi = (jX; + R)L = Y (jwMp)Ix, 3)
k=1
JwMydy = (X + R + Rep) Iy (E=1,..,n). (4

By solving (3) and (4), I; can be expressed in terms of V; as:

I = Vi .5

n
. (WMtk)Q
X+ R
IRt t+;ij+Rk+RLk

The power delivered to the load of the k-th RX circuit can be
expressed in terms of I; as:

Ry (wMy)?| 1|2
X2+ (R, + Rpk)?

Priy = Rpp|Ix|* =

(k=1,...,n).

(6)

It can be seen from (5) and (6) that when V; is constant, P
is affected by the mutual inductance between the TX coil and
all RX coils, and also the load resistance of all RX circuits. In
fact, the power transferred to one receiver is affected by the
position and load condition of other receivers. Obviously, the
output power of each receiver becomes unstable under such
conditions.

It can also be seen from (6) that when the amplitude of I; is
constant, Prj is solely determined by the mutual inductance
between the TX coil and the k-th RX coil, and the load
resistance of the k-th RX circuit. This condition is favorable in
terms of stability since the power transferred to one receiver is
unaffected by the existence of other receivers. The amplitude
of I, can be kept constant by adopting the LCC topology
[21] on the TX circuit or by applying feedback control and
modulating the pulse-width of the inverter. The latter method is
adopted in this paper since the volume and cost of the system
can be reduced compared to the former method.

Maximize output power

Constant amplitude control

Fig. 2. Overview of the proposed control scheme.

B. Reactance Compensation Using PWM-Controlled Switched
Capacitors

The Joule losses caused by the ESR of the TX circuit and
the ESR of the k-th RX circuit can be expressed as:

P, = R|1,|?, P, =Rp|I.]* (k=1,..,n). (7

Assuming that the amplitude of I; is constant, the transmission
efficiency to the k-th receiver can be expressed as:

Ripp(wMyy)?
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It can be seen from (8) that the maximum 7y in terms of Xy,
is obtained under X; = 0. In other words, the transmission
efficiency to the k-th receiver is maximized when the reactance
of the k-th circuit is completely compensated. Therefore,
the transmission efficiency to each receiver is maximized
under X; = ... = X,, = 0. It can also be seen from
(8) that the transmission efficiency does not depend on X;.
These analyses indicate that the transmission efficiency can
be maintained by adopting variable capacitors on each RX
circuit and compensating for the self-inductance variations of
the RX coils.

Fig. 2 shows the overview of the proposed control scheme.
The amplitude of the TX current is regulated to a constant
value by a PI controller. PWM-controlled switched capacitors
[22]-[24] are adopted in each RX circuit instead of passive
compensation capacitors. The equivalent capacitance of the
switched capacitor of the k-th receiver is given by:

1
1 1 T o
TM =+ TkQ [1 + o bln(277dk) — dk]
where dj, is the duty cycle of the PWM signal applied to
the MOSFET [23]. The most basic approach to determine
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Timer interrupt | «— Triggered at intervals of AT TABLE 1
SPECIFICATIONS OF EXPERIMENTAL SETUP.
Description Symbol Value
Operating frequency - 85.0kHz
Input DC voltage Ve 50.0V
Reference of TX current amplitude Tires 5.0A
d= Self-inductance of TX Ly 259.0 uH
Self-inductance of RX1 Lq 101.2puH
dili+1] = dili+1]) = dili+1] = dli+1] = Self-inductance of RX2 Lo 99.7uH
Aeli] + Ady deli] — Ady eli) - Ady li) +Ady Load resistance of receiver 1 R 11.0Q
| | | | Load resistance of receiver 2 Ry 11.0Q
ESR of transmitter R: 194.2 mS)
| Limit difi+1] 0 0<dyfi+1] <1 | ESR of receiver 1 R 76.7 mS)
ESR of receiver 2 R> 68.7 mS2
ﬁ Mutual inductance of TX and RX1 My 11.9uH
Mutual inductance of TX and RX2 Mo 11.7uH
Mutual inductance of RX1 and RX2 M2 0.5uH
Fig. 3. Flowchart of the P&O algorithm. Series connected capacitors C11 43.2nF
constituting switched capacitor 1 Ci2 89.2nF
Series connected capacitors Ca1 44.0nF
constituting switched capacitor 2 Coo 89.4nF
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Fig. 4. Experimental setup. (2) (b)

the values of the switched capacitors is to use the infor-
mation of the current phase. In fact, the reactance of the
k-th RX circuit is completely compensated when the phase
of I leads the phase of I; by 90° [19], [20]. However,
wireless communication between the transmitter and each
receiver is required to obtain the phase difference between
I; and Ij;. Wireless communication increases the complexity
of the system and entails the risk of communication failures.
Moreover, this is not a practical solution when considering
the latency of wireless communication [25] and the typical
operating frequency of WPT systems.

In order to control the switched capacitors without wireless
communication, the information of the output power is utilized
in the proposed control scheme. It can be seen from (6) that
when the amplitude of I; is constant, the maximum Py
in terms of X} is obtained under X, = 0. Therefore, X
converges to zero by searching the value of dj which yields
the maximum Ppry. In this paper, Perturb & Observe (P&O)
algorithms [26] are adopted in each receiver to track the
maximum output power. As shown in Fig. 3, dj; is incremented
or decremented by a constant step size of Ad in each
iteration.

As shown in Fig. 2, the proposed control scheme can be
implemented by completely separate closed-loops on each cir-
cuit, thus eliminating wireless communication and additional

Fig. 5. Output DC power of RX1 and RX2 according to the vertical airgap
between TX coil and RX coil 1. (a) Measurement results when V4 is constant.
(b) Measurement results when I is regulated to 4 A by the PI controller.

circuits. In order to avoid conflict between the PI control and
P&O algorithms, the iteration period of the P&O algorithm
must be designed sufficiently longer than the settling time of
the PI control. The P&O algorithms implemented on each
receiver do not conflict with each other when the mutual
inductance between the RX coils is negligibly small.

It should be noted that M;; and Ry can take arbitrary
values in the proposed control scheme, as far as My and Ry
remain constant during the maximum power tracking process.
This indicates the flexibility of the proposed control scheme
against variations in coil position and load condition.

III. EXPERIMENTAL VERIFICATION

Fig. 4 shows the experimental setup. The specifications of
the setup are listed in Table I. The experiment is conducted
using a single transmitter and two receivers to emulate the
most basic configuration of multiple-receiver WPT systems.
The two receivers are placed such that the mutual inductance
between them is sufficiently small. Ady, is set to 0.005, and
AT is set to 2ms. Although not depicted in Fig. 2, a digital
low-pass filter (LPF) is applied to reduce the noise of I4. and
I54c. The cut-off frequency of the LPF is set to 1kHz.
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Fig. 6. Steady-state measurements according to the duty cycle of the switched
capacitor. (a) Phase difference between Iy and I7. (b) Input DC power and
output DC power of RX1.
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Fig. 7. (a) Trajectories of di, d2 and (b) waveforms of I4.1, I4.2 When
applying the proposed control scheme under AL; =0uH, ALy =0 uH.

Fig. 5 shows the output DC power of RX1 and RX2 when
the vertical airgap between the TX coil and RX coil 1 is varied
from 115mm from 165 mm. The duty cycles of switched
capacitors 1 and 2 are both fixed to 0.5. Fig. 5(a) shows that
when the constant amplitude control is not applied, the output
power of RX2 varies significantly depending on the position
of RX1. On the other hand, Fig. 5(b) shows that the output
power of RX2 is constant regardless of the position of RX1
when the constant amplitude control is applied. These results
validate the discussion in Section II-A.

Fig. 6 shows the measurement results of the phase difference
and power when the duty cycle of switched capacitor 1 is
incremented in steps of 0.05 from O to 1. In this experiment,
RX coil 1 is placed in the original position while RX coil 2
is removed from the setup. The amplitude of the TX current
is regulated to 5 A. The phase difference between I; and [; is
90° when the duty cycle is between 0.5 and 0.55, indicating
that the reactance of RX 1 is compensated by the switched
capacitor. In addition, the output power of RX 1 is maximized
when the duty cycle is between 0.5 and 0.55. These results
indicate that the reactance of RX 1 can be compensated by
tracking the maximum output power point, thus verifying the
theoretical basis of the control scheme discussed in Section
1I-B.

Fig. 7(a) shows the trajectories of d; and dy when the TX
current control and P&O algorithms are both applied. d; and
ds settle to a stable value slightly higher than 0.5, which shows
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Fig. 8. AC waveforms measured at steady-state when applying the proposed
control scheme under AL; =0uH, ALy =0pH. (a) Waveforms of the
transmitter and receiver 1. (b) Waveforms of the transmitter and receiver 2.
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Fig. 9. Trajectories of dq1 and d2 when applying the proposed control scheme
under (a) AL; = +10uH, AL2 = +10uH, (b) AL; = +10puH, ALy =
—10uH, (c) AL; = —10uH, ALy = +10uH and (d) AL; = —10uH,
ALy = —10pH.

good agreement with the results in Fig. 6. Fig. 7(b) shows the
waveforms of [14. and I54. before applying the LPF. I;,4. and
I54. increase from approximately 1.4 A to 2 A. These results
indicate that the maximum output power point is successfully
being tracked by the P&O algorithm. Fig. 8 shows the AC
waveforms measured at steady-state. Iy, and Vig, (K =1,2)
represent the current and voltage of the MOSFET implemented
on the switched capacitor board. The waveforms of I; and I
are orthogonal to I;, indicating that the reactance of RX1 and
RX2 are successfully compensated by the switched capacitors.

Fig. 9 shows the trajectories of d; and dy when the pro-
posed control scheme is applied against four patterns of self-
inductance variations i.e. (ALy, ALs) = (+10puH, +10uH),
(+10pH, —10pH), (=10uH,+10pH), (—10uH, —-10uH).
Since it is difficult to directly change the self-inductance of
the coils, the values of Cy; and C5; are modified such that
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Fig. 10. AC waveforms measured at steady-state when the proposed control ~ Fig. 11. AC waveforms measured at steady-state when passive capacitors

scheme is applied under (a) AL; = +10uH, ALy = +10uH, (b) AL; =
+10puH, ALy = —10pH, (¢c) ALy = —10pH, ALy = +10pH and (d)
AL; = —10pH, AL, = —10pH.

the impedance of the circuit is equal to the self-inductance
variations. d; and dy converge to a lower value than 0.5 in
Fig. 9(a) in order to compensate for the increase in the self-
inductance of RX1 and RX2. On the other hand, d, converges
to a higher value than 0.5 in Fig. 9(b) in order to compensate
for the decrease in the self-inductance of RX2. The same
argument can be applied to Figs. 9 (c) and (d). Fig. 10
shows the AC waveforms of the TX and RX circuits after
the proposed control scheme converged to a steady state. It
can be seen that the waveforms of I; and Is are orthogonal
to I; in both cases, indicating that the reactance of RX1 and
RX2 are successfully compensated by the switched capacitors.

In order to evaluate the efficiency improvement provided by
the proposed control scheme, the performance of the proposed
control scheme is compared with cases in which passive capac-
itors are adopted instead of switched capacitors. The passive
capacitors are chosen such that the impedance of the circuit is
equal to (AL, ALs) = (+10uH, +10 uH), (+10 uH, —10 pH),
(—=10puH, +10 uH), (—10puH, —10uH). Fig. 11 shows the AC
waveforms of the TX and RX circuits when passive capacitors
are adopted. In addition, Table II shows the comparison of the
phase difference and efficiency measured at steady-state. As
can be seen from Fig. 11 and Table II, the phase difference
between [;, I;, and I, are far from optimal when passive
capacitors are adopted. However, when the proposed control
scheme is applied, £y — ZI; and ZIs — ZI; settle to ap-
proximately 90°, and the overall efficiency increases by up to
3.3%. The overall efficiency is increased since the transmission
efficiency to each receiver is maximized by compensating for
the self-inductance variations, as discussed in Section II-B.

are adopted to realize (a) ALy = +10puH, ALy = +10uH, (b) ALy =
+10uH, ALy = —10pH, (¢c) ALy = —10pH, ALy = +10pH and (d)
AL; = —10pH, AL, = —10pH.

TABLE 11
COMPARISON OF PHASE DIFFERENCE AND EFFICIENCY.

LI — /1 LIs — L1y n + n2
w/ B o
ALi= +10yH | control 89.6 89.3 85.5%
ALz = +10pH wlo 63.2° 64.3° 82.5%
control
w/ B o
ALy = +10uH control 89.9 914 85.3%
ALz = ~10pH wlo 62.9° 128.1° 82.0%
control
W/ o o
ALi = —10pH | control 90.5 89.7 85.4%
ALz = +10pH wlo 127.3° 64.1° 82.1%
control
W/ o o
AL; = —-10uH control 911 88.3 85.4%
ALz = —10pH wlo 127.1° 127.9° 84.2%
control

These results verify the effectiveness of the proposed control
scheme.

IV. CONCLUSION

This paper proposed a control scheme for PWM-controlled
switched capacitors to compensate for the self-inductance
variations in multiple-receiver WPT systems. The switched
capacitors can adapt to the self-inductance variations of the
RX coils by tracking the maximum output power point while
regulating the amplitude of the TX current to a constant
value. The proposed control scheme can be implemented
by completely separate closed-loops on each circuit, thus
eliminating wireless communication and additional circuits.



The effectiveness of the proposed control scheme was verified
through experimental results.

The cross-coupling between the RX coils was not consid-
ered in this paper. When the RX coils are cross-coupled, the
power flow to each receiver cannot be isolated by simply
regulating the TX current, since the power is directly ex-
changed between the receivers [19], [20]. The improvement
of the proposed control scheme considering this issue will be
addressed in future work.

Another important topic which was not addressed in this
paper is the output power control on each receiver. In practical
applications, the output power of each receiver should be
regulated to the desired value by active rectifiers or DC/DC
converters. The integration of the control scheme proposed in
this paper with the output power control will also be addressed
in future work.
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