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ABSTRACT Due to the wide distribution of Internet of Things (IoT) devices, reliable and convenient power
solutions for these devices have been a continuous pursuit recently. In this paper, a two-dimensional (2-D)
inductive power transfer (IPT) design based on multiple coupled resonators is proposed for powering IoT
devices in a reconfigurable neighboring scenario. There are two types of cells in this system: constant voltage
(CV) and constant current (CC) cells. These two types of cells are alternately arranged. In this IPT system,
the coupling electromagnetic field is mostly constrained in a small region, so that the radiation leakage
to the free space can be relieved without introducing extra complex control. The wireless power makes
the whole system convenient and reconfigurable according to the user’s requirements. The circuit model is
mathematically formulated. A nine-cell prototype is implemented and tested. Experimental results approve
the CC or CV properties in each cell. The power conversion efficiency of the whole system reaches 75%.

INDEX TERMS Constant voltage output, constant current output, inductive power transfer, multiple loads,

power relay.

I. INTRODUCTION

Wireless power transfer (WPT) has been widely used in
the areas of electric vehicles [1], high-speed train [2], and
drone [3], etc. In addition to the trend towards higher power
conversion capability and efficiency, WPT is also moving
towards multiple loads [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], omnidirectional [18], [19],
[20] and long-distance [21], [22] applications.

Over the last decade, there has been a dramatic increase
in the number of Internet of Things (IoT) devices. In the
future, many of them will be installed inside the floor
or wall in the house to acquire sensory information from
humans, for example, fall detection [23], [24] and activity
recognition [25], [26]. Besides, the next-generation artificial
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intelligence of things integrates information collection, anal-
ysis, and response to external stimulation. Given the rapid
growth of IoT devices, these power-hungry IoT devices’
installation and maintenance costs are incredibly high. In par-
ticular, we need long electrical cables for wired devices
or frequent replacement or recharging for battery-powered
wireless devices to continuously power these devices with
state-of-the-art power technology. Innovative power solu-
tions are expected and necessary for helping out with this
dilemma. WPT technology provides a flexible and conve-
nient connection to well-packed, water-tight electronic equip-
ment. It has an enormous potential to offer cordless and
robust power supply to massive 10T devices in the coming
future.

Different from the one-dimension (1-D) WPT proposed
in literature [8], [9], [10], [11], [12], [13], [14], [15], [17],
the massive neighboring charging is more common in
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practical scenario according to the distribution characteris-
tics of IoT devices. The WPT technology for powering the
massive neighboring IoT devices is abstracted as a two-
dimensional (2-D) WPT network since the power is trans-
ferred along both x and y dimensions in a 2-D plane.
A 2-D relay resonator array was presented in [28], [29],
[30], and [31], aiming to power all devices arranged in a
tiled pattern in an indoor environment. i.e., the coils are
placed in one plane. However, the tiled pattern has inherent
limitations, e.g., the cross-coupling effect and electromag-
netic radiation leakage. In particular, the radiation issue in
WPT has drawn much public attention. In [31], an adap-
tive phased array WPT was proposed to control the leakage
radiation. The electromagnetic (EM) field in WPT belongs
to a non-ionizing radiative field; according to the Interna-
tional Commission on Non-Ionizing Radiation Protection
(ICNIRP) Guidelines [32], the general public’s whole-body
average Specific Absorption Rate (SAR) should be less than
0.08 W/kg, which sets the ceiling value of the transmission
power. The tiled pattern produces a high-frequency electro-
magnetic field around the pick-up devices and along the
power-delivering paths. Therefore, the transmission power
should be below the upper limit along the power-delivering
paths to obey the guideline. In addition, cross-coupling
rejection and foreign object detection require complex
control strategies to stabilize the transmission power and
efficiency. In [29] the adjacent resonators cannot be simul-
taneously activated. Dynamic power routing is also a prereq-
uisite for bypassing foreign metal objects. All of the prob-
lems mentioned above increase the complexity of practical
implementations.

Considering all these issues, this paper proposes a
confronting-coil-based resonator array inductive power trans-
fer (IPT) system to overcome the limitations of the previous
designs toward a 2-D WPT network. Compared with the
previous designs, the main contributions of this paper are
summarized as follows.

1) Relieving the electromagnetic field leakage by using
confronting coils design.

2) Reducing the control effort by minimizing the cross-
coupling effect.

3) Alternate constant voltage (CV) and constant current
(CO) cell.

A nine-cell prototype is manufactured and tested to val-
idate the proposed 2-D IPT system design. The rest parts
of this paper are organized as follows. Section II gives an
overview of the whole system. Section III discusses the power
and efficiency of the system. Section IV presents the proto-
type and experiment results. Finally, Section V concludes.

Il. SYSTEM OVERVIEW

Fig. 1 illustrates the overview of the system structure. The
massive neighboring structures are frequently seen on the
floor, wall, table, and other reconfigurable planes. In future
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FIGURE 1. 2D IPT reconfigurable closely neighboring array. (a) One layout
of the closely neighboring array. (b) Another layout of the closely
neighboring array. (c) One WPT-powered smart cell.

IoT designs, various sensors, digital microprocessors, and
network interfaces might be embedded in these essential
building cells to equip them with intelligence. The power
solution of these embedded and wide-distributed devices is an
important issue. Compared with a wired power supply, WPT
removes all metal contacts between cells such that the cells
can be configured into different shapes.

In this proposed WPT system, the coupling coils are
installed along the edges of each tile, i.e., the coil plane is
perpendicular to the upper tile plane, instead of horizontally
like those in the previous designs [18], [20], [29], [33].
Owing to this new design, only the coupling effect between
two adjacent coils needs to be considered. Those cross-
couplings across other coils are very small. Therefore, they
can be neglected. Each rectangular cell has four side coils to
enable power transmission among itself and its four adjacent
cells.

A. BASIC BUILDING CELLS

As Fig. 2 shows, there are two types of cells. The CC and
CV cells are installed in an alternate pattern. In each CC cell,
the four side coils, compensating capacitors, and the load
is connected in series. While in each CV cell, four series
coil and compensating capacitor branches are connected in
parallel to form four LC resonant tanks. The load in a CV cell
is connected in parallel with those four resonant branches.
The boundary branches, i.e., those without adjacent coils,
in CC cells are shorted to reduce conduction loss, while the
boundary branches in CV cells are opened to avoid short
circuits at a resonant state.

All the coils are identical, having the same shape and
the same turns. Ideally speaking, their inductance values,
equivalent series resistance (ESR), and quality factor are the
same, which are denoted as L, r, and Q, respectively in the
following parts.

In the coupling model, only the mutual inductance of
the pairing coils is taken into consideration. The mutual
inductance and coupling coefficient between the adjacent
coils are denoted as M and k, respectively. They satisfy the
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FIGURE 2. (a) Equivalent circuit topology. (b)-(i) Different cell implementations.

following relation

k= ey

M
I
B. SYSTEM DESCRIPTION
Traditional decoupling modeling methods include the
reflected impedance method and the T model. From the
system point of view, in the proposed massive neighboring
topology, the reflected impedance method does not work
since all cells are mutually coupled together. On the other
hand, the network derived from the T model is too large to
form a concise system equation. Therefore, we should refer
to the basic Kirchhoff’s Voltage Law (KVL) and Kirchhoft’s
Current Law (KCL) of an individual cell. Set the resonant
frequencies of all resonant tanks to wp the frequency of the
power source, i.e.,

1
=,/— 2
o Ic (2)
such that all the compensation capacitors share the same
value.
According to KVL, the voltage current relationship in a CC
cell is given by (3)

JkQ
[V(m Dn + Vontn + Vig—1) + Vm(n+l)]

- (psz2 4+ p) Lun = 0, 3)
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where p = 1, 2, 3, or 4, representing the number of cells
nearby the #mn cell; I, and R, are the current and equiv-
alent load resistance in #mn cell; Vin—1n, Vint)ns V=1
Vinn+1) are the load voltage of adjacent CV cells; Q is the
quality factor of the coil, i.e.,
wlL
0= - 4)
The governing equation of a CV cell can be derived accord-
ing to KCL, i.e.,

ij [I(m—l)n + I(m+l)n + ]m(n—l) + Im(n+1)]

—(q+Rr )an=o, )
mn

where ¢ = 1, 2, 3, or 4. It represents the number of cells
near the cell #mn. V,, is the voltage in the #mn cell. I;,—1),,
Ions1yns Imn—1)> Imns1) are the load current of the adjacent
CC cells.

Only the combination of (3) and (5) is not adequate to solve
the problem. The boundary conditions should be specified
to determine the complete solution. In a practical scenario,
the boundary conditions can be voltage sources or current
sources. A voltage source should be used to drive a CC cell.
In that case, one of voltage variables in (3) within V(;,—1),,
Vin+1ns Vinn—1), and Vy»41) should be replaced by a voltage
source. A current source should be used to drive a CV cell.
A current variables in (5) within 1, — 1)1, Lgn+1)n Im(n—1), and
Iin(n+1) 18 substituted by a current source.

When the cells and sources are well installed, all equations
can be assembled into a matrix. The mathematical model of
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FIGURE 3. Reflected impedance model of an individual cell. (a) CC cell.
(b) CV cell.

the whole system in Fig. 2 is given by (6), as shown at the
bottom of the page.

C. CCAND CV PROPERTIES
A 3 x 3 array is taken as an example to demonstrate the CC
and CV properties of different cells. By extracting the sub-
matrix from (6), we can formulate the governing equation of
the 3 x 3 array. Assuming the ESR is negligible compared to
the wM and R,,;,, the solution of the 3 x 3 array can be derived
as follows
. )
JjoM
Vi =V =V =V =Vj (3)

I =lIs=Ihn=0L =h=

These simplified results suggest that when the resonant
conditions are satisfied, and ESR is small enough, the cells
#11, #13, #22, #31, and #33 realize the load-independent
CC property, while the cells #12, #21, #23, and #32 realize
the load-independent CV property. Similar results hold even
more cells are added, i.e.,

L = ™ when m + n = even number )
oM

Viun = Vin, when m + n = odd number (10)

Eq. (9) and (10) indicate that the CC and CV properties are
realized among the cells alternately.

D. ZERO PHASE ANGLE ANALYSIS

In a practical scenario, any cell added or removed from
the massive neighboring IPT system should not affect the
resonant state of the original system. Therefore, each cell
should be purely resistive or have the zero phase angle (ZPA)
condition, no matter looking from any side. Meanwhile, real-
izing the ZPA condition in each cell can minimize the power
dissipation by the ESR.

The reflected impedance circuit models of individual CC
and CV cells are shown in Fig. 3. In the CC cell, there
are four induced voltage source from the adjacent cells
named Vi(j—l)» V(i—l)j, V(i+1)j, and Vi(]'+1)- According to the
reflected impedance theory, the induced voltage sources can
be regarded as reflected impedance from adjacent cells. Both
the CC and CV cells are symmetrical, which means that it
is exactly the same no matter looking from any side. The
impedance Z,,,, therefore, looking from the left, is taken as
an example to show the ZPA property

Zmn = m(n+1)+Z(m+1)n+Z(m—l)n+4Z + Rmnv (] ])

where

Z=ja)L+_L+r. (12)
JjoC

In order to achieve ZPA, two conditions should be satisfied.
Firstly, the impedance Z should be purely resistive. Secondly,
the reflected impedance from the adjacent cells should be
purely resistive.

Similarly, in the CV cell, the impedance of the CV cell
looking from the left can be derived as follows

Zmn = ’[Z(m+l)n + Z]_l + [Zm(nfl) + Z]_l

| -1
+[Zowiny + 2]+ R} (13)

The similar two conditions should be satisfied to ensure the
ZPA property, i.e., both the Z and reflected impedance should
be purely resistive.

From the system point of view, it suggests that the ZPA
property from the adjacent cells leads to the ZPA property of
the current cell and then reflects other adjacent cells. It shows
the transitivity of the ZPA property. As long as it satisfies that
Z in (12) is purely resistive, each cell can realize the ZPA
property.

The ZPA condition is of importance for inverter design.
The ZPA property of the inverter in a 3 x 3 massive neigh-
boring IPT system can be studied by analyzing the input

T ) - -1 oy -
ml [-eed+Buis R e o
Vi JkQ -G+z; 0 0
113 0 &0 ~(3k*Q* + B 4 3) 0 0
. = . . . . PRI (6)
Vai jkQ 0 -G+ - 0
VOLUME 10, 2022 113563
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FIGURE 4. Magnetic field simulation results. (a) Confronting-coil-based resonator array in this paper. (b) Tiled pattern coil in [29]. (c) Magnetic field
distribution of confronting-coil-based resonator array. (d) Magnetic field distribution of tiled pattern coil.

current Ipp. Under the small ESR assumption, the results can
be simplified as follows

Ri1 +Ri3 + Ry +R31 +R33
M2w?

Ioo = Viy <

! ! ! + ! ) (14)
Rip Ry Rz Ry
Therefore, the input impedance is given as follows
Vi Ri1 + Ri3 + Roo + R31 + Ra3
Zin = T = 2 2
Ioo M-+w
T Lyl )_1 (15)
Rz Ry Ry R3p

The pure resistive characteristic of the input impedance indi-
cates that by looking at the inverter output, the proposed
topology achieves the ZPA property.

E. COIL DESIGN

Considering the practical scenario, the physical dimension
should be included in the design of coil structures. The coils
are wound on the tile edge as shown in Fig. 1 (b). The
dimension of each cell is 20 cm x 20 cm x 2 cm, thus the
dimension of the coil is set to 20 cm x 2 cm.

The simulation of two different coils arrangement is evalu-
ated under the 1 MHz frequency in Maxwell software to esti-
mate the magnetic field level around the coils. The results are
shown in Fig. 4. The tiled pattern is composed of two regular
hexagons whose edge length is 50+/3 mm. The confronting-
coil-based resonator array consists of two square shape tiles
with dimensions 20 cm x 2 cm. Both coils have four turns.
The distance between two adjacent coils is both set to 2 mm.
The excitation current is both set to 1 A for comparative
analysis.

113564

TABLE 1. Parameters in two IPT networks.

Para. Value Para. Value
Confronting- L 242 uH k 0.36
coil-based array k1 0.012 ko 2.1 x 1074
(this study) r 27.4 mQ2 Q 554.9
Tiled pattern L 6.17 uH k 0.12
[29] r 8.9 mQ2 Q 4355.9

The magnetic field of the tiled pattern and confronting-
coil-based resonator array is illustrated in Fig. 4. In Fig. 4(c),
little magnetic field leaks into the space since the field mainly
concentrates in the center of the coil. Therefore, magnetic
fields are confined to a small region, making it possible
to transfer higher power under the same electromagnetic
radiation. In Fig. 4(d), it can be observed that the range of the
magnetic field in the tiled pattern distributed is much more
extensive than the confronting-coil-based resonator array in
the same magnetic scale. The leakage field might cause safety
issues; therefore, the maximum transmission power should be
at a safe level.

The parameters in two IPT networks are listed in Table 1.
The results show that in the confronting-coil-based res-
onator array, the cross-coupling coefficient k; and k are
small enough to be neglected compared with the main cou-
pling coefficient k. Thus, it is unnecessary to consider the
cross-coupling effect in the proposed confronting-coil-based
resonator array. In addition, the proposed confronting-coil-
based resonator array has a more significant coupling coef-
ficient than the tiled pattern. It enables a higher transferred
power and conversion efficiency. However, compared with
the tiled pattern, the quality factor is relatively lower.

IIl. POWER ANALYSIS
In section II, the CC and CV properties were derived based
on the lossless system assumption. Nevertheless, the coils’

VOLUME 10, 2022
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FIGURE 5. (a) Voltage/current deviation in 2-D plane. (b) Voltage/current deviation caused by Rys3. (c)Voltage/current deviation caused by Rs;.

ESR in real cases degenerates the system performance. In this
2-D IPT system, for easy analysis, the load of each CC cell
is set to be an identical value Rc. For the CV cell, it is set
to Ry i.e.,

m -+ n = even
m+n = odd (16)

Ri1 =Ri3=---=Ru, =Rc,
Ry =Ry =+ =Ruu =Ry,

A. LOAD VOLTAGE/CURRENT DEVIATION
Ideally, the output voltage of a CV cell and output current
of a CC cell are constants, no matter how much the loads
change and how many cells are connected. However, in a real
scenario, ESR in every coil deviates from the output power.
By solving (6), the load currents of CC cells and load voltages
of CV cells can be obtained. To normalize the performance
evaluation of CC and CV cells, the load current and voltage
with practical ESR are divided by their corresponding ideal
values, i.e.,
[Vinnl [l oM
Vin Vin
Assuming that the system consists of nine cells (3 x 3).
The quality factor of each coil is 120 and the coupling coeffi-
cient between two adjacent coils is 0.36. One voltage source
powers the system through cell #11 as shown in Fig. 2(a).
The theoretical normalized output deviation of each cell at
different loading conditions is shown in Fig. 5(a). It shows
that the cells, which are further from the voltage source, have
a more considerable performance decrease, compared with
those near the voltage source. The load resistance variation
also causes the performance deviation in the 2-D plane. The
output current magnitude of a CC cell and output voltage
of a CV cell is demonstrated under the condition that only
one load resistance R33 or R3, varies, respectively, while the
other loads keep unchanged. According to the first harmonic
approximation, the dc load after a full bridge rectifier is
equivalent to an ac load. At the initial state, we set the dc
load to 15 2 and 5 Q2 for the CV and CC cells, respectively.
Therefore, the equivalent ac loads Rc ad Ry are %S‘Z and

V= , 1= (17)

%OQ, respectively. Fig. 5(b) and (c) give the normalized
voltage and current when either R33 or R3, varies. Only small
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deviations are induced in the load and adjacent cells when a
load resistance changes.

B. EFFICIENCY

The output voltage/current has deviation, and the efficiency
degenerates due to the ESR. By solving (6), the output current
in the CC cell or output voltage in the CV cell with ESR
can be obtained to calculate each cell’s output power. The
total transferred power is the sum of the output power of all
cells, i.e.,

12 R

Pon = %C, i+ =even (18)
V2

Pan = 5l i = odd (19)

N M
Pour = ZZPmn' (20)

i=1 j=1
The input current or voltage can be derived according to
their adjacent cells’ current or voltage. For example, the input
current Iop in Fig. 2 can be derived as follows
Vin — joMI

Iojp = ————— 20
r

Therefore the total input power is derived as follows

- ooVin

m — 2
Based on the input power and output power, the system
efficiency is written as follows
Pout
Pjy .
The efficiency variation under different R¢c and Ry is shown
in Fig. 6. From the figure, R¢ has a more significant impact on
efficiency. The reason is that R¢ in the CC cell has the same
role as the ESR because they are both connected in series in
the CC cell. Therefore, R¢c should be set in a suitable range
in order to maintain the system performance in a relatively
good condition. A maximum efficiency area is marked in
Fig. 6. Within this area, the theoretically overall efficiency is
above 80%

(22)

(23)
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FIGURE 6. Overall conversion efficiency under different R¢ and Ry,.

Side coils

Side coils

FIGURE 7. Prototype of a nine-cells 2-D IPT system. (a) system
configuration. (b) A CV cell. (c) A CC cell.

IV. EXPERIMENTAL VALIDATION

In order to verify the proposed massive neighboring 2-D IPT
system, a prototype with nine cells is implemented as shown
in Fig. 7. The Litz wire with a diameter of 0.04 mm and
500 strands are used to make the coils to eliminate the skin
effect. The multilayer ceramic capacitors from YAGEO Inc.
are adopted to compensate for the circuit. The coil structures
are identical to the simulation model in Section II-D, whose
material is PLA (Polylactic Acid). The operating frequency
is 1 MHz. Four GaNs transistors GS61008P (100V, 90A)
form an H-bridge inverter to generate an ac power source at
the targeted frequency. In each cell, the ac current and voltage

113566

TABLE 2. Parameters of the experimental system.

Parameter Value Parameter Value
Vpo 20V fs 1 MHz
L 333 uH C 7.6 nF
k 0.36 M 1.26 uH
r 173 mQ Q 120

(@35.00V_& @ 5004 ) (200ns’ 2.50GS/s @ 7 300mA
i>v—166.0000ns) | 10K points

FIGURE 8. Input voltage V;, and current /.

are rectified to dc by a full bridge rectifier, which consists of
four diodes (DFLS240L, 40V, 2A).

All the passive components like capacitors and
inductors are measured by an impedance analyzer
(WK6565-120, Wayne Kerr Electronics) under the operating
frequency. Given some differences in the coil inductance, the
compensation capacitors’ values are finely tuned according
to the specific inductance to satisfy the resonance condition.
At the initial state, the dc load resistance in CC and CV cells
are set to 5 2 and 15 €, respectively. The detailed system
parameters are listed in Table 2.

The waveform of input voltage V;, and current Iy is
shown in Fig. 8. It can be observed that V;, and Iy are
almost in phase, which means the power factor is near one.
Besides, the waveform indicates that the zero-voltage switch-
ing (ZVS) condition is satisfied for the inverter, provided that
an appropriate inductor is in series after the inverter. The
experimental load current waveform of different CC cells and
the voltage waveform of different CV cells is illustrated in
Fig. 9(a) and (b), respectively. The currents and voltages have
identical amplitudes and phases, respectively, as theoretically
indicated in (9) and (10). The in-phase voltages in the CV cell
and in-phase currents in the CC cell also suggest that each cell
achieves ZPA condition.

The normalized output voltage/current distribution in 2-D
plane is shown in Fig. 10(a). It shows that the cells farther
away from the voltage source encounter more significant
deviation than those near it. The loss breakdown of the
proposed confronting-coil-based 2-D IPT system is shown in
Fig. 11. The input power, the sum of powers in nine cells,
and loss powers are 155, 116.3, and 38.7 W, respectively.
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FIGURE 9. Experimental waveform. (a) The current waveform of four CC cells. (b) The voltage waveform of four CV cells.
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FIGURE 10. (a) Normalized output voltage/current of nine cells at initial state. (b) Normalized output voltage/current deviation when R334, varies.

(c) Normalized output voltage/current deviation when Rs, 4. varies.
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Transmitter coil
Rectifier diodes

[Cell coil

' Inverter MOSFETS
10.1 W (26%)

Others
FIGURE 11. Experimental loss breakdown.

14.6 W (37.5%)

The overall conversion efficiency, considering the power
losses of the inverter, resonant tank, and rectifier,
achieves 75%.

One of the nine loads varies to examine the load variation
rejection to further investigate the CC and CV properties.
When the dc load R334 in the #33 CC cell varies from 1 2 to
10 2 and other loads remain unchanged, the corresponding
normalized output dc voltage V4. and current ;4. in the
representative cells are illustrated in Fig. 10(b). Both the
current and voltage only fluctuate in minimal ranges. The
maximum current fluctuation is 0.12 A (4.8%) in the #33 cell,
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and the maximum voltage fluctuation is 1.3 V (6.5%) in
the #23 cell.

To verify the CV property, while other load resistances
are fixed at the initial state, the dc load in #32 cell varies
from 10 2 to 20 Q2. The normalized output voltage and the
representative cells’ normalized output current are shown in
Fig. 10(c). The maximum current and voltage fluctuation are
0.13A(5.1%)and 1 V (5%) in cells #11 and #32, respectively.

The results of the two cases suggest that the proposed 2-D
IPT system can maintain relatively stable output despite load
variations. In other words, the system strongly rejects the load
variations. It achieves relatively stable CC and CV properties.

V. CONCLUSION

This paper proposed a two-dimensional (2-D) inductive
power transfer (IPT) system for powering the massive neigh-
boring IoT to meet the multiple-device power supply require-
ments. The inductor-capacitor (LC) resonators not only serve
as relays but also power the load in each cell. The constant
current (CC) and constant voltage (CV) properties were real-
ized alternately in different cells in the proposed systems. The
CC and CV properties enable a strong load-variation rejection
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in all cells. Zero phase angle (ZPA) property was achieved
so that any cells added or removed from the system will not
affect the resonant state of the system. A 116 W nine-cells
2-D IPT prototype is manufactured to validate the proposed
design. The overall conversion efficiency of the whole system
isup to 75%
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