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Abstract— Due to the compatibility considerations, it is not
attractive for the commercial wireless charger to modify the
Qi-standard coils for charging multiple loads. This paper would
explore the potential of a power relay module (PX) to address
this issue. The multiple-coil PX would enhance the effective
coupling when the standard coupler fails. In this paper, different
types of PXs are developed for various applications, including
a two-coil PX using series compensation, a two-coil PX using
high-order compensation, and a three-coil PX using high-order
compensation. Their power and efficiency characteristics are
analyzed in a uniform manner, and the benefits of different PXs
are justified through a planar charger and a bowl-shape charger
in the experiment. The implemented bowl-shape charger is able
to offer one fast-charging channel for a single device (30 W)
and one multiple-load channel for at most four devices (each 10
W) simultaneously. The peak efficiency is 88% when the overall
delivered power of PX is 70W.

Index Terms— Inductive power transfer, power relay module,
fast charging, multiple-load charging, bowl-shape charger.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) has been dramatically
developed and widely adopted for the charging scenar-

ios [1], [2]. According the moving freedom and size con-
straints, the inductive coupler is customized to ensure the
generated flux from the transmitter (TX) is efficiently cou-
pled to the receiver (RX) without physical connections [3],
[4], [5]. Meanwhile, various compensation networks and
active converters (such as inverter and rectifier) are proposed
to reduce the circulating energy and change the form of
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power, and all these necessary circuits also provide sufficient
design and control freedom to meet the practical demands
in voltage, power, efficiency, and misalignment performance
[6], [7], [8], [9], [10]. From system perspective, an effective
controller based on helpful models would finally contribute to
a well-performed IPT system [11]. Currently, the prior efforts
on IPT research have effectively addressed most of the urgent
demands for practice, and lead to the popularity of IPT in the
commercial market.

Most IPT systems would have two physically separated enti-
ties, i.e., all the required circuits and coils are either embedded
in a sealed TX or RX module. Following this design logic, the
key point for multiple-load charging is to customize the TX
coil to ensure sufficient TX-RX coupling, and the multiple-coil
TX concept is the most famous solution [12], [13]. For
example, when the target charging area was fully covered by
the bipolar pad (i.e., two decoupled coils with partial overlap,
BPP), the coupling is enhanced under misalignment. Based on
similar concept, many famous couplers are proposed, including
the tripolar pad (TPP), double-D pad (DDP), and double-D
quadrature pad (DDQP) [14], [15], [16]. These planar TXs
need to utilize the overlapping between the coils to eliminate
the TX-side cross coupling. Similarly, the 2D TX concept
could be extended to a 3D TX, such as the orthogonal coils and
bowl-shape transmitter [17]. Actually, the shape of the TX is
only determined by the coupling requirement, and the driving
logic of the multiple-coil TX is similar. When each TX coil is
driven independently, the generated flux could be controlled
to concentrate on the areas where the RXs are placed. Such
a controllable system (with coil current or flux modulation)
does benefit the overall efficiency, but the demerits are the
additional sensing and control circuits.

When the TX-RX coupling is weak, another famous solution
for coupling enhancement is to use additional power relay
coils (PXs). The simplest system would employ a single-
coil PX, which could be embedded in the TX module or the
RX module. It means the PX is electrically not physically
isolated, and the new system still consists of two entities
[18], [19]. Meanwhile, if a PX is inserted as an individual
module between the TX and RX (forming a three-entity
system), it is able to increase the charging distance between
TX and RX. This distance can be further enhanced by using
multiple PXs [20], [21]. Similar PX-based coupling enhance-
ment technique is able to address the misalignment issue
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and enlarge the horizontal charging area [22], [23]. Since the
single-coil PX would also complicate the coupling in the free
space, the two-coil PX with magnetic shielding is developed
to simplify the coupling mechanism [24].

This paper is devoted to the power relay module techniques
based on multiple coils and high-order compensation. Its target
application is the system with strict requirement (such as
Qi and Airfuel) on the original TX and RX. The practical
demand could be fulfilled by a passive and customized PX
instead of modifying the standard TX and RX coils. This
auxiliary, passive, and physically isolated module can be
freely inserted or removed without modifying the original
standard (such as changing the coupling coils). Based on the
practical demands, various types of PX could be developed in
this paper. It starts from a planar two-coil ReX with simple
series compensation, which is able to charge multiple loads at
the same time. Furthermore, the high-order compensation is
introduced to enhance the output capability. Finally, a three-
coil bowl-shape ReX is proposed to offer fast charging and
multiple-load charging simultaneously. For the above PXs,
both the power and efficiency characteristics are discussed in a
uniform manner, which simplifies the comparison of the PXs.

II. PX-BASED PLANNER CHARGER

A. Power Relay Module

A classical Qi-based wireless charger includes a TX module
and a RX module. Usually the shape, size, and inductance of
the coils are strictly defined by the Qi standard, and the Airfuel
standard is similar. Besides the coils, both TX and RX need
compensations and active converters for power conversion.
In order to efficiently utilize the mutual flux, the commercial
RX needs to be placed right above the TX, and even a small
misalignment is not allowed in practice. In such a charger,
if the standard TX wants to charge multiple devices, the
existing TX coils obviously are not attractive or even fail due
to the limited TX charging area. It is true that a customized
TX coil with larger size is able to address this technique
issue. However, the new TX coil will violate the existing
standard. Therefore, following the Qi constraints, most charger
manufacturers would adopt an unwise but effective design
logic, i.e., using redundant coils and driving circuit. The
overall multiple-RX system is a duplication of simple one-
TX-one-RX Qi-based system, which is not cost effective. This
paper is trying to develop a new logic to address the above
challenge, and applies the power module concept to offer a
new charger configuration toward a better trade-off between
compatibility and cost.

The proposed power relay module is inspired by the famous
concept, repeating coils or relay coils. As shown in Fig. 1 (a),
a power relay module (PX) is physically inserted between the
space of TX and RX. Without the PX, the power transfer
characteristics are mainly determined by the TX-RX coupling.
As the distance increases, the quick-drop coupling would
depreciate the coupler efficiency. Using PX, the strong TX-PX
and PX-RX coupling would help enhance the power delivery
from TX to RX. In order to avoid unnecessary cross coupling,
the PX may also adopt a two-coil structure as shown in

Fig. 1. PX-based system. (a) System using single-coil PX. (b) System using
two-coil PX. (c) System block diagram when using a two-coil PX.

Fig. 1(b) and Fig. 1(c), and a magnetic layer would help
eliminate the cross coupling. Such kind of technique is essen-
tially a coupling enhancement approach when the TX-RX
coupling is weak. In practice, the transfer distance is not
the only factor that weakens the TX-RX coupling, and any
position-related misalignment or coil size mismatch may cause
similar issues. Therefore, given the standard TX and RX coils,
the PX would serve as a physically isolated module to address
the existing challenges. In this paper, the shape of PX module
is customized to ensure that the TX-PX coupling is fixed and
the PX-RX coupling is stable. This means that the PX would
act as a good fixture to avoid coupling variation issues.

B. Configuration of Planar PX

The proposed PX concept can help generate lot of inter-
esting systems to address the mismatch between the standard
coil and diverse practical demands. In these systems, TX and
RX would still follow the traditional series resonance, and
the function enhancement is mainly achieved by a customized
PX. This paper would start from a simple scenario, i.e., the
size-limited Qi TX coil is not able to offer sufficient coupling
to power multiple RX coils with similar size. Therefore, a two-
coil PX is able to address this issue without modifying the
original TX and RX. As shown in Fig. 2(a), a planar three-
layer PX is inserted between the TX and multiple RXs. In the
PX module, the bottom Coil PX is strongly coupled to the
Coil TX; the top Coil PXa is used to enhance the PX-
RX coupling; the middle magnetic layer would eliminate the
TX-RX coupling.

When a simple series compensation is also adopted by the
PX module, the system circuit model is shown in Fig. 2 (b),
which is defined as System A. L t x and Ct x are the coil induc-
tance and compensation capacitance of TX module. There are
n RXs. La,i and Ca,i are the coil inductance and compensation
capacitance of i th RX. Two PX coils (L px and L pxa) are
compensated by C pxa . r with different subscripts represent
the equivalent series resistor (ESR) of the coils. At the
series resonant frequency ω, the well-known resonance is
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Fig. 2. A planar PX using series compensation: System A. (a) 3D view.
(b) Circuit model.

achieved by

jωL t x +
1

jωCt x
= 0

jωLr x,i +
1

jωCr x,i
= 0

jωL px + jωL pxa +
1

jωC pxa
= 0.

(1)

Mtp is the mutual inductance between L t x and L px , and
Ma,i is the mutual inductance between L pxa and La,i . The
magnetic layer actually separates the circuit into two parts.
Using the defined state variables of Fig. 2(b), the state equa-
tions for the left-hand-side circuit is[

rt x jωMtp
jωMtp rpx + jwL px

] [
Itx

Ipx1

]
=

[
Vin
V1

]
, (2)

where the bold state variable means the phasor form. For
example, Vin is the phasor form of the input voltage vin at
the switching frequency, and Vin is its magnitude. Similarly,
the state equation of the right-hand-side circuit is

rpx − jwL px jωMa,1 .. jωMa,n
jωMa,1 Ra,1+ra,1 .. 0

.. 0 .. 0
jωMa,n 0 .. Ra,n +ra,n




Ipx2
Ia,1
..

Ia,n

=


V2
0
0
0

.

(3)

Solving the above matrix equations would give the expression
for all the state variables. And then the voltage gain for each
RX is

Ga,i =
Va,i

Vin
=

Ma,i

Mtp
. (4)

It means the output voltage is clamped by the input voltage
and each RX would offer a load-independent output voltage.
Actually, the input voltage Vin would firstly clamp the PX
current Ipx1, which further clamps the output voltage at
RX. Therefore, the PX has a constant current. As shown
in Fig. 2(b), an equivalent impedance Z px is defined at the
interface of the magnetic layer, and

Z px =

n∑
i=1

ω2 Ma,i
2

ra,i + Ra,i
. (5)

This impedance actually reflects the overall loading effect of
RX on the PX.

The overall output power of RXa module is

PA =

n∑
i=1

Va,i Ia,i =
Z px

(rα + Z px )2
(

1
rβ

+
1

rα+Z px

)2
Vin

2

ω2 Mtp
2 ,

(6)

where 
rα = rpx + rpxa

rβ =
ω2 Mtp

2

rt x
.

(7)

The overall efficiency of the resonant tank (i.e., ac to ac) is

ηA =

n∑
i=1

Va,i Ia,i

Vin Iin
=

rβ Z px

(rα + Z px )2
+ rβ(rα + Z px )

Ra,i

Ra,i + ra,i
.

(8)

Taking the derivative of ηA with respect to Z px would give
an optimal Z px in (9), as shown at the bottom of the page.

When Ra,i ≫ ra,i , the efficiency equation can be simplified
as

ηA ≈
rβ Z px

(rα + Z px )2
+ rβ(rα + Z px )

. (10)

The simplified optimal impedance is

Z px,opt =

√
r2
α + rαrβ , (11)

which is a pure resistor. The corresponding peak efficiency is

ηA,max =

rβ

√
rα

2 + rαrβ

rβ(

√
rα

2+rαrβ +rα)+(

√
rα

2+rαrβ +rα)
2 . (12)

A simulation is used to show the power and efficiency
characteristics based on the parameters of Table I and Table II,
which are extracted from a real system in the experiment.
As shown in Fig. 3, an optimal Z px exists to maximize
the overall efficiency, which is exactly the same as the one-
TX-one-RX system. Since the output voltage of each RX is

∂ηA

∂ Z px
= 0 ⇒ Z px,opt =

√
(rα

2 + rαrβ)(ra,irα + nω2 Ma,i
2)(ra,irα + ra,irβ + nω2 Ma,i

2) − ra,irα
2

− ra,irαrβ

2ra,irα + ra,irβ + nω2 Ma,i
2 . (9)
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TABLE I
PARAMETERS OF TX AND RXA MODULE

TABLE II
PARAMETERS OF PX MODULE IN SYSTEM A

Fig. 3. Efficiency and power characteristics for System A.

Fig. 4. PX with high compensation.

clamped by the input voltage, the overall output power are
affected by the load resistance Ra,i . Z px would represent
the overall loading effect, and the output power is linearly
proportional to Z px . For a multiple-load charging, the same
PA may have different power distributions but the same Z px .
It means once Z px or PA is ensured, the system efficiency is
independent of the power distribution. For example, in a four-
RX system, it may have quite different power distribution,
such as Pa,1 = Pa,2 = Pa,3 = Pa,4 = 5 W, or Pa,1 = 1 W,
Pa,2 = 3 W, Pa,3 = 7 W, Pa,4 = 9 W. The overall coupler
efficiency is the same for both scenarios.

C. PX With High Compensation

The series compensated PX is simple but does not have
sufficient design freedom. For example, the voltage gain of (4)
is coupling dependent and the circuit parameter is not able to
adjust it. The current of PX is fully clamped by the input
voltage and cannot be optimized towards benefiting the RX.
Therefore, a high-order compensated PX is proposed in Fig. 4,
which is defined as System B. A π network is added with two

shunt capacitors (Cπ1 and Cπ2) and a series inductor (Lπ ).
The overall PX module need to follow the following resonance
condition, 

jωL px +
1

jωCπ1
= 0

jωL pxa +
1

jωCπ2
+

1
jωC pxa

= 0

jωLπ +
1

jωCπ1
+

1
jωCπ2

= 0.

(13)

In Fig. 2(b), two equation matrices are used to describe
System A [refer to (2) and (3)]. For System B, the original
state equations are still valid, and only one more state matrix
is needed for the π network as below

[
Ipx1
V1

]
=


Cπ2

Cπ1
0

Cπ1
2

+ Cπ2
2

2ωCπ1
2Cπ2

−1

 [
Ipx2
V2

]
. (14)

Solving these equations, the new voltage gain becomes

Ga,i =
Va,i

Vin
=

L px

Lπ − L px

Ma,i

Mtp
. (15)

It shows the π network would introduce a design variable Lπ ,
which may be tuned to meet the actual needs. Note that three
additional components (i.e, the π network) do not mean three
more design variables, and the required resonance condition
defined by (13) would need two design variables (i.e., Cπ1
and Cπ2) to minimize the circulating energy. Therefore, once
Lπ is chosen, Cπ1 and Cπ2 are determined accordingly.

According to the solved voltage and current, the overall
output power and efficiency can still be defined and derived
as

PB =

n∑
i=1

Va,i Ia,i =
Z px

(rα + Z px )2
(

1
rβ

+
1

rα+Z px

)2
Vin

2

ω2 Mtp
2 ,

(16)

and

ηB =

n∑
i=1

Va,i Ia,i

Vin Iin
=

rβ Z px

(rα + Z px )2
+ rβ(rα + Z px )

, (17)

where 

Z px =
Cπ2

2

Cπ1
2

n∑
i=1

ω2 Ma,i
2

ra,i + Ra,i

rα = rpx +
Cπ2

2

Cπ1
2 rpxa

rβ =
ω2 Mtp

2

rt x
.

(18)

The above power and efficiency expression are purposely
represented in the same form as that of System A [refer to (6)
and (10)]. This unification would help to compare different
system typologies. Based on the understanding of System A,
the overall system characteristic does not change, which is
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TABLE III
PX COMPENSATION PARAMETERS FOR SYSTEM B

TABLE IV
DESIGN CASES OF SYSTEM B

Fig. 5. Efficiency comparison between System A and B.

similar to Fig. 3. The peak efficiency ηB,max has the same
form as ηA,max . Besides, it also means the overall efficiency
is affected by the overall power demand. When PB is fixed,
the detailed power distribution will not affect the coupler
efficiency.

Due to the increased design freedom, the efficiency-power
characteristic of System B can be optimized toward a real
application. For example, when the output voltage is fixed
at 5 V, if the input voltage has a wide range, Lπ may have a
wide design range. In order to explain this idea, an example
system is still built based on Table I and Table II. Note that the
TX parameters and RX parameters are given in Table I, and
the new system only changes the PX compensations, which is
given in Table III.

Fig. 5 compares the efficiency of System B using different
design cases (see Table IV) with that of System A. Note
that the efficiency characteristic is mainly determined by the
overall power and almost independent of the power distribu-
tion. Due to the additional Lπ , the peak efficiency is slightly
reduced due to insertion losses. However, Lπ can be used
to ensure a higher efficiency for a wider load change. When
considering the heavy-load and light-load efficiency, Case I
(i.e., Lπ = 30 µH) is finally selected.

III. BOWL-SHAPE PX

Given the standard TX, the PX can be fully customized to
meet various RX demands. It is flexible to modify the shape,
number of coils, coil placement, and compensation network
to enhance the charging functions. Another example of 3D
PX is proposed for further discussion. A bowl-shape PX is
shown in Fig. 6(a). In the center charging area, it is a three

Fig. 6. A bowl-shape PX. (a) 3D view of the PX. (b) Circuit model.

layer structure. The bottom layer is a relay coil L px , whose
size is the same as the TX coil L t x . When the PX module
is placed right above TX, a strong coupling is built between
L px and L t x . The function of this layer is to extract sufficient
power from the TX. The top layer of the PX bottom is another
relay coil L pxa , which is used to power the RX in the center
area. A middle magnetic layer is used to guide the flux and
eliminate all unnecessary coupling. At the side area, four inner
surface coils are used to build the PX-RX coupling when the
other device lay on this area. This 3D PX is able to charge
five devices at the same time.

In the charging bowl, the center area is reserved for the fast
charging (30 W), and the four side areas are used for normal
charging of multiple devices (each 10 W). The bowl size is
customized to ensure the cellphone would drop right on the TX
coil. It means the bowl would sever as a good fixture for the
cellphones and help restrict the position variation. Therefore,
the misalignment performance is not the topic of this paper.

In order to achieve the target charging function, the com-
pensation of the PX is designed as shown in Fig. 6(b). L px
is placed on the bottom of the bowl and right above the TX
coil. Then the magnetic layer is placed above L px , and L pxb
is further added above the magnetic layer and series connected
to L px . The four side coils are connected in series to build an
equivalent inductor L pxa . In order to offer different currents
for the side coil (L pxa) and bottom coil (L pxb), a π network
is inserted.

Actually, System C can be viewed as a combination of a
one-RX System A and a four-RX System B. In System C,
the RXb module is just like the RXa module of System A
when n = 1, and the RXa module of System C is exactly the
same as the RXa module of System B. The study of this new
system would base on the discussion of previous two systems.
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TABLE V
PARAMETERS OF SYSTEM C

For System C, (3) and (14) are still valid, and (2) needs to be
updated by (19), as shown at the bottom of the page.

Solving the state equations, the voltage gain is derived as
Ga,i =

Va,i

Vin
=

L px + L pxb

Lπ − L px − L pxb

Ma,i

Mtp

Gb =
Vb

Vin
=

Mb

Mtp
.

(20)

By defining the overall output power of RXa and RXb as PR Xa
and PR Xb respectively, the overall system output power is

PC = PR Xa + PR Xb =

n∑
i=1

Va,i Ia,i + Vb Ib

=
Z px

(rα + Z px )2
(

1
rβ

+
1

rα+Z px

)2
Vin

2

ω2 Mtp
2 ,

(21)

where 

Z px =
Cπ2

2

Cπ1
2

n∑
i=1

ω2 Ma,i
2

ra,i + Ra,i
+

ω2 Mb
2

rb + Rb

rα = rpx + rpxb +
Cπ2

2

Cπ1
2 rpxa

rβ =
ω2 Mtp

2

rt x
.

(22)

The overall efficiency is

ηC =

n∑
i=1

Va,i Ia,i + Vb Ib

Vin Iin
=

rβ Z px

(rα + Z px )2
+ rβ(rα + Z px )

.

(23)

The above results clearly show the uniform expression for the
power and efficiency is still applicable for System C [refer to
(6), (10), (16), and (17)].

Based on the discussion for System A and B, the design
of System C could be well studied. Although there are many
compensation components in System C, most of them need to
follow the resonance condition, and only one design variable
is left to modify the overall performance if the coils are given.
Note that System C is a combination of a one-RX system A
(no design variable exists) and a four-RX system B (one design
variable: Lπ ).

TABLE VI
DESIGN CASES OF SYSTEM C

Fig. 7. Design of peak efficiency point. (a) Case I. (b) Case II. (c) Case III.
(d) Case IV.

A simulation-based case study is carried out for different
PR Xa and PR Xb [refer to (21)]. The system would use the
parameters of Table I and Table V. As shown in Fig. 7, the
delivered power to RXa module and RXb module are swept,
i.e, 10 W for each receiver of RXa module and 30 W for the
single receiver of PXb module. The efficiency is recorded for
different power levels when different design cases are used
[refer to Table VI]. In Fig. 7(a), the high-efficiency region is
located in the light-load areas for both RX modules. When
other Lπ is used, it is clear that the high-efficiency region is
modified accordingly. Therefore, Lπ is able to be optimized
toward a practical scenario. For example, the position of the
peak efficiency point (i.e., Point G) should be placed in the
loading point which happens most frequently. In this paper,
the peak efficiency is designed according to In Fig. 7(c),
it would benefit the applications that one device is placed in
the bottom and two are placed on the side.

IV. EXPERIMENT VERIFICATION

The final experiment is going to demonstrate the benefit
of PX concept. The Qi-standard TX and RX coils are used
as shown in Fig. 8(a), which are provided by the cellphone
manufacturers. It is clear that the small TX is capable of
charging single RX, but fails to charge multiple RX. Therefore,

 rt x jωMtp 0
jωMtp rpx + rpxb + jwL px + jwL pxb jωMb

0 jωMb Rb + rb

  Itx
Ipx1
Ib

 =

 Vin
V1
0

 . (19)
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Fig. 8. Experiment setup. (a) Coil TX and RX. (b) A planar PX.
(c) A bowl-shape PX.

a planar PX is fabricated as shown in Fig. 8(b). The Coil PX is
exactly the same as the TX coil, and the Coil PXa is optimized
to offer uniform field distribution according to [25]. Another
bowl-shape PX is fabricated as shown in Fig. 8(c). All the
PX coils are the same as the TX coil. The following part
would build the proposed three systems to justify the claimed
performance.

A. Test of Planar-PX Based Systems

Using the planar PX of Fig. 8(b), two planar four-RX
systems (i.e., System A and B) are built with the parameters
of Table I, Table II and Table III. For most IPT systems,
the coupler ac-ac characteristics would dominate the overall
system performance, such as the efficiency curve feature and
the position of optimal loads. In order to verify the validity of
ac analysis, a full-bridge inverter and a synchronized rectifier
are used as the source and load of the resonant tank. The dc
output voltage is fixed at 5V, and a load-independent output
voltage is offered at each output terminal. The specific power
is regulated by the internal charging IC of the devices.

The overall system efficiency is measured for different
power in Fig. 10. The efficiency curve of System B is
modified by the middle π network. Compare to System A,
the peak efficiency of System B is reduced, but its efficiency
characteristic is more attractive for multiple-load applications.
This observation is consistent with that of Fig. 5. Due to the
additional inverters and rectifiers, the overall system efficiency
is lower than the tank efficiency in the simulation.

Fig. 9. Test setup for planar-PX based systems, i.e., System A and B.

Fig. 10. The measured efficiency for System A and B.

Fig. 11. Typical waveform of a system based on planar PX. (a) Light load
condition. (b) Heavy load condition.

Fig. 12. Test setup for a bowl-shape-PX based system, i.e., System C.

For both systems, the nominal compensation is able to
achieve the zero phase angle (ZPA) operation. In order to
achieve zero voltage switching (ZVS), it only needs to ensure
the input impedance to be slightly inductive, and this design
consideration is similar to the original single-TX-single-RX
case. The terminal waveform for the ac input excitation
is measured as shown in Fig.11, which justifies the ZVS
operation.
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Fig. 13. Output voltage for different loading conditions. (a) Va,1. (b) Vb .

Fig. 14. System efficiency when bowl-shape PX is used.

B. Test of Bowl-Shape-PX Based System

The PX module of Fig. 8 (c) is used to build a bowl-shape
charger as shown in Fig. 12. The system parameters are given

Fig. 15. Typical waveform of a system based on bowl-shape PX. (a) Light
load condition. (b) Heavy load condition.

in Table I and Table V. Besides the PX, all the other active
circuits and loads are the same as that of Fig. 9. It means
System C is built by replacing the PX in the previous test,
which clearly shows the proposed PX concept is used to
address the mismatch between shape limitation of standard
TX and the requirement of multiple-load charging.

The fabricated System C is able to charge five RXs at the
same time and offer fast charging for the center area. The
switching frequency (i.e., f ) is 200 kHz. When the input dc
voltage is fixed at 20 V, both RXa module and RXb module
are able to offer load-independent output voltage. The output
voltage under different load conditions (i.e., PR Xa and PR Xa)
are measured as shown in Fig. 13. The output voltage of both
RX modules is stable, which justify the load-independent-
output feature.
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The real system is designed to adjust the efficiency char-
acteristics based on Fig. 7(c). The charging efficiency is
measured for different loading conditions in Fig. 14. In this
system, the peak efficiency is about 88%. Such a design would
benefit a practical case when three RXs are charged. Note that
people would prefer using the center area for fast charging
and then the side area. The location of the peak point can be
adjusted according to the practical demands.

The ZVS design for System C is exactly the same as
previous systems. The typical waveform is shown in Fig. 15.
The output power level would directly determine the funda-
mental component, while has little effects on the harmonic
components. Therefore, the light-load waveform would see
more distortions. The ZVS operation needs to consider the
light-load condition as the worst case and design an inductive
load for the inverter.

V. CONCLUSION

This paper proposes a power relay module technique to
extend the charging function when standard TX and RX are
used. The PX module would serve as a passive and physically
isolated function-enhancement component from the overall
system perspective. The basic working principle, compensa-
tion selection, and PX optimization are in-depth discussed.
For various PXs, the circuit state, power, and efficiency are
studied in a uniform manner, which benefits the comparison
of different PXs. All the proposed three types of systems
are built in the experiment. The load-independent output,
efficiency optimization, and ZVS operation are justified by the
test results. The peak efficiency of all these systems is above
84% when supporting multiple-RX charging.
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