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Abstract—Simultaneous wireless charging of multiple devices
is a unique advantage of wireless power transfer (WPT).
Meanwhile, the multiple-receiver configuration makes it more
challenging to analyze and optimize the operation of the system.
This paper aims at providing a general analysis on the multiple-
receiver WPT systems and compensation for the influence of the
cross coupling. A two-receiver WPT system is first investigated as
an example. It shows that theoretically by having derived optimal
load reactances the important system characteristics can be
preserved such as the original system efficiency, input impedance,
and power distribution when there is no cross coupling between
receivers. The discussion is then extended to general multiple-
receiver WPT systems with more than two receivers. Similar
results are obtained that show the possibility of compensating
the cross coupling by having the derived optimal load reactances.
Finally, the theoretical analysis is validated by model-based
calculation and final experiments using real two- and three-
receiver systems.

Index Terms—Wireless power transfer, multiple receivers,
cross coupling, compensation, load reactances

I. INTRODUCTION

Due to the increasing demand in charging of electronic
devices (e.g. wearable devices, cellphones, tablets, laptop com-
puters, and medical implant devices), there has been growing
interest in the research and applications of the wireless power
transfer (WPT) technologies. Simultaneous wireless charging
of multiple devices by WPT offers a unique application
advantage. However, it also presents more challenging analysis
and optimization issues on the operation of the system. The
receiving devices such as multiple wearable devices, cell-
phones, and tablets, may have very different size, position
and orientation, load characteristic, power requirement. For
the conventional one-receiver WPT system, a lot of work
has been done on the modeling, analysis, optimization and
control at both component and system levels. Examples of
such efforts include the design of high efficiency power
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sources [1], [2]; modeling, analysis and optimized design of
coupling systems [3]-[5]; tunable impedance matching [6],
[7]; feedback-based optimal load control [8]-[10]; and system-
level design and optimization [11]-[14].

On the other hand, less common multiple-receiver WPT
systems have also attracted some research interests. Although
there are some basic contributions reported in the literature,
the key deficiency of the current research work in this area is
the complete omission or use of highly simplistic models of
the coupling effects between the coils, in particular the cross
coupling among the receivers [15]-[25]. Initial discussions
on the cross coupling and its compensation can be found
in recent years. [26] discusses the potential to compensate
the decrease in efficiency by resonant frequency tracking or
retuning lumped capacitors when more receivers are added,
with no further work subsequently reported in the literature.
A frequency tracking method is proposed in [27], which is
used in a multiple-transmitter multiple-receiver system. While
the frequency tracking method could improve the overall
performance, it cannot control the power delivered to each
individual receiver and hence the associated efficiency. In
[28], the impedance matching is proposed for individual loads
to compensate the influence of cross coupling between the
receivers, and the power distribution for a two-receiver system
is discussed. However, the proposed model does not consider
the effects of the parasitic resistances of the coils, resulting in
overall system efficiency being overestimated. In [29] and [30],
comprehensive discussions are provided on wireless power
domino-resonator systems, i.e., multiple resonator systems, in
which only a single resonator connects the load. Power anal-
ysis is carried out to investigate individual power flow paths
and their interactions. The purpose of multiple relay resonators
is to improve the transmission efficiency for “midrange”
applications. A multiple-receiver system with a source coil,
a transmitter, and multiple receivers is discussed in [31]. The
optimal loads are determined considering the cross coupling
between the source coil and the receivers rather than among
the receivers. Several simplifications are also made such as
identical receivers, same radial positions of the receivers, and
neglect of source coil’s parasite resistance. The work reported
in [32] focuses on the optimal loads for a multiple-receiver
system without cross coupling, and shows that the efficiency
decreases with cross coupling. The solution for the decrease
in efficiency is not given.

From the aforementioned review, it is evident that more
research is highly desirable to address the issues of cross
coupling effects in multi-receiver WPT systems in a more
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comprehensive manner. It is envisaged that, in moving from
laboratory systems towards real-world applications, the re-
ceiver coils will inevitably be put close together for a number
of practical reasons including the size and costs of the overall
system. Thus, it is all the more important to establish a
design framework that warrants a higher degree of accuracy,
when more transmitter-receiver configurations with various
coil combinations will emerge in the near future. In order
to provide a key step for the design framework, this paper
aims at providing a general analysis of the multiple-receiver
WPT systems and deriving a compensation for the influence
of the cross coupling. In such systems, the receiving coils
may have different sizes and coupling to the transmitting
coil and the other receiving coils. The cross coupling effects
are investigated using a two-receiver WPT system as an
example. The parasitic resistances of the coils are included
in order to accurately derive the load reactances. It shows
that theoretically by having the optimal load reactances the
important system characteristics can be preserved such as
the original system efficiency, input impedance, and power
distribution when there is no cross coupling between receivers.
Then the discussion is extended to general multiple-receiver
WPT systems with more than two receivers. Similar results are
obtained that show the possibility of compensating the cross
coupling by having the newly derived optimal load reactances.
Finally, the theoretical analysis is validated by model-based
calculation and final experiments using real two- and three-
receiver systems.

II. TWO-RECEIVER SYSTEM
A. System Configuration

Fig. 1. A general two-receiver WPT system.

A general two-receiver WPT system is shown in Fig. 1.
There are one transmitter (7°'X) and two receivers (RX; and
RX5). RX; and RX5 are coupled to T'X with mutual induc-
tances of My, and M;,, respectively. The mutual inductance
between the two receivers is Mjs. The coupling coefficient
between any two coils is

kij = \/]\%, for i,j =t,1,0r 2. (1)
L, C, and R with different subscripts (t, 1, or 2) represent
the inductance, capacitance, and parasitic resistance of the
corresponding coil. Zy,; and Zp, are the loads for the two
receivers,

Zyi = Ry + jXpi, fori=1,or 2, @

where Rj; is the load resistance and X ; is the load reactance.
Zrxi1 and Zrxo are the equivalent impedances of the two
receivers,

Zrxi = jwl; + L + R; + Zp;, fori=1,0or 2. (3)

JwC

In the circuit, I, I1 and I, are the currents of TX, RX; and
RX,, respectively; Vin and Pjy are the input voltage and
input power of 7X; and P, and P, are the power delivered to
the two loads, Zy,; and Zyz [see Fig. 1]. Finally, the overall
system efficiency can be obtained as

y = P+ P _ |11\ZRL1 + |12|QRL2
P[N RG{VINIt*} ’

where Re{+} means the real part of a complex number.

“4)

B. Zero Cross Coupling

For a two-receiver system, if the distance between the
receivers are sufficiently large, the cross coupling between
them can be neglected, i.e., M5 = 0 [refer to section IV-B].
In the conventional analysis, Z;,; (=Rp;) is pure resistive, and
the resonance is achieved under the condition of

Im{Zgrx;} = jwL; + L =0, fori=1,0or2, (5
JwC;i
namely zero reflected reactances at the T'X side. Here Im{«}
means the imaginary part of a complex number. Therefore, the
resonance for transmitter is achieved by

1
Im{Zin) = jwl; + —— = 0. 6
m{Zin} = jw t"‘jwct (6)

Then under resonance, the relationships between the input
voltage Vin and the currents, I, I, and I3, can be described
following the Kirchhoff’s Voltage Law (KVL),

Vin R, JwM JwMio I;
0 =| jwMun Ri+Rp 0 L. ™
0 JwMi2 0 Ro+Rr2 1>
Solving (7) gives
 jwMul
Il - R‘lﬁwpi t
— JwWMi2lt
I = Ro+Rpo ) 5 o ®)
w M7 w’ M7, )It

Vin = (Rt + Ri+Rr1 + Ra+Rp>

With these relationships, the input impedance is [see Fig. 1]

A% w2 M? w2 M2
Zin = —X = R, + i 29
I, Ri+Rpy Ra+ Rpo
the system efficiency is
w?MZA Rra + W?MZLRL>
2 2
n= (R1i+Rr1) 7 (R2+Rr2) , (10)
IN
and the power received by RX; is
2M2_R i
Po= Pt =102, (11)

27
(Ri + Rp;)
Thus the power division ratio between the two receivers can
be derived,

MtleLl . MtzzRL2
(R1+ RL1)2 (Re + RL2)2

P :Py= (12)
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From the above discussion, it can be seen that a two-
receiver system with zero cross coupling has the following
advantages. First for an individual coil the selection of the
resonance capacitor only depends on its own inductance. And
Zyn is naturally pure resistive under the resonance. Therefore,
complicated compensation for the coils is not needed. In
addition, the power received by a single receiver is not affected
by the other receiver when a constant current source is applied,
i.e., Iy here. Theoretically, arbitrary power division ratios can
be achieved according to (12). This decoupling of the receivers
simplifies the analysis of the power transfer characteristics, and
makes it straightforward to design and control the system.

C. Compensation of Cross Coupling

When two receivers are close to each other, the cross
coupling between them will become obvious and affect the
power transfer characteristics. With the original capacitors in
(5) and (6), the relationships between the input voltage and
the currents become

Vin R JwMi JwMio I
0 =| HJwMn Ri+Rpi jwMio I. |.
0 JjwMz  jwMiz  Ra+Rie 1>
13)
Note here Mo is non-zero. Solving (13) gives
I, — WMy Miz+jwM (Ro2+Ra)
1 w2MZ,+(Rr1+R1)(Rr2+R2) t (14)
I, — WMy Myp+jwMya(Rp1+R1)
2 = w2]bfl22+(RL1+R1)(RL2+R2) t
Now the power received by RX; is
472 172 2772 2
w M Ms4w Mg (R + R;)° | R
Pi — |It‘2[ tj-""ig tz( Lj J) ] L (15)

[W2MZ + (Rpi + Ri)(Re; + Ry))

for i, j = 1 or 2 and 7 # j, and the power division ratio
becomes

P _ [w?MEME + MA (Rps + Re)*| R
Py [w2ME M2, + M3 (Rp1 + R1)’| R
The power distribution here is obviously more complicated
because P; depends on the characteristics of both receivers.

Besides, the input impedance is not pure resistive as well. By
taking (14) into the first row of (13), Zyn can obtained,

W?MPZ (Rr2 + Ro) + w?M2 (R + Ry)

(16)

Zin = R: +
= w?M2, + (Rp1 + Ry)(Rpz + Ra)
3 My My M-
iy, . w t1dVit2 V12 ’ (17)
wW2M{y + (Rp1 + Ri)(Rre + Ra)
which is now an inductive one.
Since
V-
Zin= - (18)
t
and ) )
_ [I1|°Rp1 + I2|°Rra (19)
RG{VINIt*} ’
Pi: Py =L’ Ry« [T’ Ryo, (20)

it means that if the two-receiver system has a same set of
the currents (I4,I5,I2) and fixed Ry, and Ry, its important
characteristics, the input impedance, the system efficiency, and

the power division ratio, will be identical whenever there is
the cross coupling or not. This can be achieved using properly
introduced load reactances. The voltage-current relationships
are described in the following equation,

Vin
0 -
i 0
Ry JwMy JwMi2 I,
JwMy R+ Rpi +j X3, JwMio I,
| JwMia JwMi Ry + Rpo +j X7, I>
(21)

where X7, and X, are the optimal load reactances. Solving
for a same set of (I,I;,I2) in (7) and (21) gives,

X — _yMizMea(Ri+Rr1)

L1 M1 (R2+RL2) (22)
X = gy Mioi (Re+Tip)

L2 M2 (R1+RrL1)

With this combination of load reactances, the original system
efficiency, input impedance, and power division ratio in (9),
(10), and (12) can be well preserved. This makes the design
and control of the multiple-receiver systems more predictable
in a real environment. Note X7, and X7, can be implemented
by tuning the capacitors of the receivers [refer to section IV-A]

III. MULTIPLE-RECEIVER SYSTEM

Here the previous findings are extended to general multiple-
receiver WPT systems, as shown in Fig. 2. There are one
transmitter 77X and n(> 2) receivers RX; (1 = 1,...,n).
Similarly, M;; is the mutual inductance between T'X and
RX;, and M;; is the mutual inductance between RX; and
RX; (j = 1,...,n). The coupling coefficient between any
two coils, RX; and RX}, is

M;;
kiij = J

fori,j=1t,1,2,....,n. (23)

VELiL;

Fig. 2. The configuration of a multiple-receiver WPT system.

Again applying the Kirchhoff’s Voltage Law (KVL) to the
n-receiver system in Fig. 2, the current-voltage relationships
can be obtained, as shown in (24) [refer to the following page].
Assuming zero cross coupling and pure resistive loads, i.e.,
M;; =0 and Xr; = 0, (24) can be further simplified to (25).
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Vin Ry JwMi
0 JwMyy Ry +Z14
0 JwMim—1) JwMi@-1)
0 jWMtn jWMln
Vin R, JwMyp
0 JwMy Ry + R
0 jwMt(n_l) 0
0 jwMy, 0
0 JX7, JwMyo
0 JwMyo J X7
0 JwMin—1)y JwMs_1)
0 jWMln jWMQn

Inspired by the previous analysis on the two-receiver system, it
is reasonable to assume that the two systems described by (24)
and (25) are able to achieve the same system characteristics.
A sufficient condition for this assumption is that the currents,
I, I, ...,1I,, in (24) and (25) are identical. Then the optimal
load reactances X7,’s can be determined by letting (24) and
(25) share a same solution of currents. Subtracting (25) on
both sides of (24) gives (26). Thus X7, can be solved as

n

M1
Xp=— Y Rk 27)
k=1,k#i !
From (25) the relationship among the currents is
JwMy; Ly
L=———-—7-—. 28
R; + Rp; (28)
Combining (27) and (28) gives
. M M i i
X3 = Z WM My (R; + Rr;) (29)

pe: Mu(By+ Rix)

Note when n=2 (29) is identical with (22).

Originally complicated variations occur in the system effi-
ciency, input impedance, and power division ratio when the
cross coupling among the receivers becomes non-neglectable.
With the derived optimal load reactances in (29), all the
receivers can be treated as decoupled ones again. As same as
in the two-receiver systems, the following important system
characteristics can be preserved. Under the compensation, the
overall system efficiency is

n

Z W MZ Rr;
i=1 (R1+RL1 )2

= ; (30)
7 VAN
The input impedance Zin is now pure resistive,
2M2
Zin =R ST 31
IN = Ry + Z R T R (€2Y)

jWMt(nfl) JwMy, I;
JwMi(n-1) JwMyy, I,
: : : (24)
Ry1+2Zym-1) JwM@up-1)n |
jWM(n—l)n Ry +Zin I,
JwMy(n—1) JwMy, I;
0 0 I
s : z 3)
Rn—l + RL(n—l) 0 In—l
0 Rn + RLn In
jWMl(n—l) jWMln I
jWM2(n—1) jWMQn j P
f ; f (26)
sz(n—l) jWM(n—l)n | -
jwM(nfl)n .]in I,

and the power division ratio between two arbitrary receivers,
RX; and RX}, is

M%RLZ' . MEjRLj
(Ri + RLi)z (Rj + RLj)2

The derivation of (29) establishes a theoretical framework
for the compensation of the cross coupling in the multiple-
receiver WPT systems. It shows that the optimal load reac-
tances depend on the load resistances, the parasitic resistances
and relative positions (i.e., the mutual inductances) of coils.
It is however noteworthy that in practice the required capaci-
tances, i.e., the negative reactances in (29), may be difficult to
obtain exactly by using discrete capacitors. In the following
experiments the optimal load reactances are approximated
through properly connecting multiple capacitors. Here, the
focus is not on practical viability but rather on theoretical
validation. Nonetheless, the experimental results show good
agreements with the theoretical prediction, and thus validate
the applicability of the proposed theoretical model. In the cases
where there are uncertainties in parameters, particularly the
loads and the couplings, additional communication and dy-
namic impedance matching networks would be required [33].

IV. EXPERIMENTAL VERIFICATION
A. Experimental Setup

As shown in Fig. 3, a four-port vector network analyzer
(VNA), Agilent E5071C, is used for the measurement. Due to
the limited number of the ports, a multi-receiver WPT system
with at most three receivers was built and tested, i.e., port 1
for the transmitter (7'X) and ports 2, 3, and 4 for the receivers
(RX;, 1 =1,2,3). All the coils are tuned to resonate at 13.56
MHz by using external series capacitors. The parameters and
dimensions of the coils can be found in Table I and Fig. 4. The
original load resistances for RX;’s, i.e., the input impedances
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of the VNA ports here, are all standard 50 €2 ones (i.e., Zport
in Fig. 5(b)). As shown in Fig. 5, the required load reactances,
X1’s, are realized by adjusting the capacitance of C;, where

=jXpi, fori=1,2,3. (33)

1
L;
Jwlit =i jwC,

?

Fig. 3. An example of experimental setup

TABLE I
PARAMETERS OF COILS
Coils Large coil | Small coil
Resistance (£2) 4.78 1.28
Inductance (H) 6.94 3.00

Small coil

Large coil

Fig. 4. Dimensions of the coils with different sizes.

In the experiments, a cylindrical coordinate system is intro-
duced to describe the three-dimensional positions of the coils,
as shown in Fig. 6. O is the center of the 7'X coil and the
origin of the coordinates, i.e., (0,0,0). O; (i = 1,2,3) is the
center of the i-th RX coil. Its projection on the xy-plane is
O . The coordinates of O are (r;, 0;, z;), where r; is the radial
distance (length of 0.0; ) 0; is the azimuth angle between
0.0, and z-axis, and z; is the height (length of O;0; )

Zpon Li

NV
Ri

(@ (b)

Fig. 5. Configuration of coils. (a) Photo. (b) Circuit model.

V4

-~

O < .y

X

X

Fig. 6. The cylindrical coordination system for representing the three-
dimensional coil positions.

B. Two-receiver System

As shown in Fig. 7(a), a two-receiver system is built, in
which T'X and RX> use the large coils and RX; uses the
small one. In the experiments, 7X and RX, are fixed at
the positions of (0,0,0) and (150, m, -10), respectively. RX;
moves from (125, 0, 0) to (125, w, 0) along a circle of
radius 125 mm. Since the relative positions between the two
receivers (RX; and RX5) and T'X keep constant, k;1(=0.090)
and k;2(=0.066) are also constant during the movement of
RX;. kj2 is measured by VNA and shown in Fig. 7 (b).
At the beginning (i.e., 6; is around 0), k12 is small and
neglectable. Then k12 is increasing with 6. Meanwhile, due
to the cancellation of magnetic flux, there is a valley at
0, = %. At this particular position, the shared magnetic fluxes
in opposite directions exactly cancel each other and lead to a
zero cross coupling. In the experiments, the system efficiency
is calculated as

|S21* + |31

=2 (34)
! 1L —[Sul?
in which the S-parameters are measured by VNA. The the
power division ratio is

Py Py = |So1|* ¢ |85, (35)

and the input impedance, ZyN, can be directly read by VNA.

The comparison of the system efficiencies with/without the
compensation of the cross coupling is shown in Fig. 8. Both
the calculated (Cal) and experimental (Exp) results are given.
Note the efficiencies are calculated using the circuit model. In
the experiment, the worst-case efficiency (63%) occurs when
RXj is rightly above RX5 (61 = 7), i.e., the position with the
strongest cross coupling. The decrease in the efficiency can be
effectively avoided by having the optimal load reactances. As
shown in Fig. 8, the experimental and calculated efficiencies
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TABLE I
INPUT IMPEDANCE AND POWER DIVISION RATIO IN TWO-RECEIVER SYSTEM

Position | 01 = 0 (zero ki12) | 01 = 7 (Uncompensated) | 01 = m (Compensated)
Results |  Calculation | Experiment | Calculation | Experiment | Calculation |  Experiment
Zin () ‘ 57.2 — 50 ‘ 57.0 —50.1 ‘ 24.9 — 755.6 ‘ 22.6 — 353.2 ‘ 57.2 — 50 ‘ 53.5 —j1.4
Py:Py | 47.6% :52.4% | 46.9% : 53.1% | 54.1% : 45.9% | 53.2% : 46.8% | 47.6% : 52.4% | 47.2% : 52.8%

0.34

0.2
~k, /

=3
—

(mm) 6,
(a) (b)

Fig. 7. Coil positions in the two-receiver system. (a) Top view. (b) k12 with
a varying 01.

well match with each other for the both compensated and
uncompensated systems. The small error is mainly caused by
the unavoidable modelling error of the circuits and inaccuracy
of the real capacitors. Under the compensation, the worst-case
efficiency can be significantly improved from 63% to 86%,
a similar level to the efficiencies when the cross coupling is
neglectable. For reference purposes, the frequency responses
with/without the compensation are compared at §; = 7 in
Fig. 9. Without the compensation, the shift of the resonance
frequency is observed and the system efficiency decreases at
the targeted 13.56 MHz. After applying the optimal load reac-
tances, the resonance frequency is shifted back to 13.56 MHz.
Thus the system efficiency is largely recovered. Mostly due
to the frequency-dependant circuit parameters, there is error
between the experimental and calculated results. Meanwhile,
the results at the targeted frequency, 13.56 MHz, still show a
reasonable accuracy.

0.90 5
N
7,— el
0.85 1
0.80 1
N 0.754 —um— Cal: Uncompensated

—ae— Cal: Compensated
0.70 —a— Exp: Uncompensated

—wp— Exp: Compensated
0.65 4
0.60 . i ,

SER

wla

ol
W
a
w
a

0 =
3 6

[==]

Fig. 8. Comparison of the system efficiencies in the two-receiver system.

1.0 4
13.56 MHz

L

0.8

0.6

0.4 1

Cal: Uncompensated
Cal: Compensated

Exp: Uncompensated
Exp: Compensated

0.2 4

0.0 T T T T T 1
10 11 12 13 14 15 16
Frequency (MHz)

Fig. 9. Frequency responses of the two-receiver system at 61 = .

Besides the avoidance of the efficiency drop, the proposed
compensation is expected to maintain both the original input
impedance Zyn and power division ratio between the two
receivers when there is the cross coupling. Here the results at
01 = 0 and 6 = 7 (the worst case) without/with compensation
are shown and compared in Table II. As mentioned above, at
61, = 0 ko is small enough to be neglectable, i.e., the case
with zero cross coupling; while at §; = 7w ki3(= 0.281) is
maximized because RX; and RX5 are overlapped. As shown
by the results when the two-receiver system is uncompen-
sated/compensated, the original characteristics of the system
such as Zn and power division ratio P; : P» can be recovered
even in the worst case, i.e., #; = m. Again the small error
between the calculated and experimental results are caused by
the unavoidable modelling error and the inaccuracy of real
devices.

0] =k
0.3

0.24

0.14

0.04

(mm)

() (b)

Fig. 10. Coil positions in the three-receiver system. (a) Top view. (b) k12
and k13 with a varying 6.
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TABLE III
INPUT IMPEDANCE AND POWER DIVISION RATIO IN THREE-RECEIVER SYSTEM (61 = 0)

Position | 01 = 0 (Uncompensated) | 01 = 0 (Compensated)
Results | Calculation | Experiment | Calculation | Experiment
Zin () | 51.1 — j0.6 | 52.5 — j1.6 | 51.3 — j0 | 52.5 — j0.4

Pr:Pp: P3| 51.4%:24.3% : 24.3% | 48.4% :26.2% : 25.4% | 51.4% : 24.3% : 24.3% | 49.5% : 25.6% : 24.9%

TABLE IV

INPUT IMPEDANCE AND POWER DIVISION RATIO IN THREE-RECEIVER SYSTEM (61 = %”)

Position ‘ 01 = 5% (Uncompensated) ‘ 61 = 5% (Compensated)
Results | Calculation | Experiment | Calculation | Experiment
Zin () | 20.2 — j12.6 | 23.1 —j13.2 | 51.3 — j0 | 53.8 — j0.6

Pir:Pp: P3| 14.7%:24.4% : 60.9% | 13.2% :22.9% : 63.9% | 51.4% : 24.3% : 24.3% | 47.9% : 27.4% : 24.7%

C. Three-receiver System

An experimental three-receiver system is shown in Fig. 10
(a), in which TX uses the large coil and all the receivers,
RX; (i = 1,2,3), use the small ones [refer to Fig. 4 and
Table I]. Again T'X is fixed at (0,0,0). RX, and RXj3 are
placed with coordinates of (125, i%’r, -10), respectively, while
RX; moves from (125, 0, 0) to (125, 7, 0) along a circle
of radius 125 mm. The coupling coefficients, k;;(=0.090),
k2(=0.062), k3(=0.062), and k93=(0.018) are again constant
due to the unchanged relative positions between 7'X and
RX,’s. Note among the three receivers the z-axis position of
RX, is different. The cross coupling coefficients k1o and ki3
in different positions are measured by VNA and shown in
Fig. 10(b). For each position, the efficiency can be calculated

as
_ 15211 + | S51 1% + | Sa1 |2

; (36)
1—1]5112
and the power division ratio is
P1 : P2 N P3 = |Sgl|2 . |S31|2 : |S41|2. (37)

Again, the S-parameters and Zyn are measured by VNA [refer
to Fig. 2].

When the loads are all pure resistive ones (the standard 50
) each), the system efficiency varies significantly in different
positions. As shown in Fig. 11, for the uncompensated system
the worst-case efficiency (78%) occurs again when RX; is
rightly above RXo, ie., 6 = %’T and a maximum Fkqs.
ki is a key factor between 61 = 0 and 6; = 3T. After
that, the influence of ki3 becomes more obvious [refer to
Fig. 10(b) and Fig. 11]. It is interesting to notice that at certain
positions such as 91=%’T and 7, the cross coupling between the
receiving coils is actually cancelled. Thus the improvement of
the system efficiency can be observed from 6, = %’r to 01 = .
Similar to the two-receiver system, the optimal load reactances
are calculated and applied to compensate the cross coupling.
Fig. 11 shows the compensation can significantly recover the
decrease in the system efficiency as predicted by calculation.
The efficiency is maintained around 88% at various positions

of RX;. The frequency responses when #; = 2T are given

6

and compared in Fig. 12. Again the shift of the resonance
frequency can be avoided after the compensation. In addition,
the input impedance and power division ratio in the two
extreme cases, 1 = 0 and 2&, are summarized and compared
in Table IIT and IV. Note in the current three-receiver system,
the cross coupling exists between RXs and RX3 even 6,
is zero. Similar results are obtained that show the proposed
compensation can preserve not only the system efficiency but
also the input impedance Zyn and the power division ratio
Py : P, : P3 when there is cross coupling among the three
receivers.

0.90
0.85 A
0.80
N 0.754
—a— Cal: Uncompensated
0.70 —e— Cal: Compensated
—a— Exp: Uncompensated
—y— Exp: Compensated
0.65 A
0.60 T T T T p 1
0 T L1 3 B -
6 3 2 3 6
6,

Fig. 11. Comparison of the system efficiencies in the three-receiver system.

It should be noted that apart from the mutual inductances,
other parasitic effects such as mutual capacitances exist among
overlapping coils [34]. The good agreement between the above
experimental and calculated results indicates that these mutual
capacitances do not play a significant role in the current
experimental setup. Meanwhile, the basic trend is that the
closer the distance between overlapping coils and higher the
operating frequency, the more prominent the mutual capaci-
tances would be [34], [35]. In such cases, the accuracy of the
above circuit models of the multiple-receiver WPT systems
could be affected. Alternative models must be developed that
take into account for these additional mutual reactance effects.
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1.0 4
v 13.56 MHz
0.8
0.6 1
n
0.4 4 Cal: Uncompensated
Cal: Compensated
Exp: Uncompensated
0.2 Exp: Compensated
00 T T T T T 1
10 11 12 13 14 15 16
Frequency (MHz)
1 H _ 5w
Fig. 12. Frequency responses of the three-receiver system at 61 = <.

V. CONCLUSION

In this paper a comprehensive theoretical analysis is carried
out on the influence of the cross coupling and its compensation
in multiple-receiver WPT systems. The optimal load reac-
tances are analytically derived and verified for both the two-
receiver systems and the general multiple-receiver systems. It
shows that the decrease in the system efficiency due to the
non-zero cross coupling can largely be recovered by having
the optimal load reactances. The other important system char-
acteristics such as the input impedance and power distribution
can also be preserved. The results are validated by means of
both the model-based calculation and the final experiments.
Thus the validated theoretical analysis will serve as a key
step in developing a design framework for future multiple-
receiver, as well as multiple-transmitter, WPT systems. Based
on the findings in this paper, further work could involve the
development of a practical control scheme for an optimized
power distribution in multiple-receiver WPT systems.
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