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Magnetic Field Projection and Current Phase Control
in a 2-D Planar Transmitting Coil Array

Ning Kang
Ruihan Ma
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Abstract—Wireless power transfer systems operating at frequen-
cies of several megahertz are of interest due to their high spatial
freedom and compactness. Combining multiple transmitting (Tx)
coils for magnetic field shaping has emerged as a promising candi-
date to further improve the spatial freedom of the power transfer. In
this article, a new closed-loop-based scheme is developed for detect-
ing the spatial position / orientation of multiple receivers (Rxs) and
controlling the magnetic field distribution accordingly. Inspired
by the orthogonal projection of visible light, this article proposes
the concept of magnetic field projection to detect the position
and orientation of multiple Rxs. Using a 2x2 Tx-coil array as an
example, a coding-based detection approach is developed using the
results of the magnetic field projections in the x, y, and z directions.
A control flow is then proposed for determining the optimal phase
combination of the power amplifier (PA) output currents to achieve
the desired magnetic field shaping. Finally, the above concepts are
experimentally realized and verified. Light-emitting-diode arrays
were specially fabricated to visualize the actual magnetic field
shaping results. It is found that the final system can accomplish the
closed-loop detection of the three spatially distributed Rxs and the
phase control of the PA output current within 25 ms. This article is
accompanied by two video files to demonstrate the actual detection
and control process.

Index Terms—Magnetic field shaping, megahertz, phase-shift
control, position and orientation detection, transmitting coil array,
wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) has attracted consid-
W erable attention thanks to its convenient, flexible, and
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safe supply of power. Currently, most commercial WPT systems
operate in the kilohertz (kHz) bands [1], [2]. Many efforts
have been made to improve the performance of kHz WPT
systems through innovations in circuit topology, coil design,
and control [3], [4], [5], [6]. At the same time, increasing the
operating frequency to the megahertz (MHz) bands is beneficial
to the degree of spatial freedom and the compactness of final
systems [7], [8], [9]. Concurrently, ever-increasing requirements
on the high degree of spatial freedom remain to be an ongoing
challenge for both kHz WPT and MHz WPT, especially when
there are multiple receivers with different positions and orien-
tations. Approaches (such as through repeaters, coil designs,
and matching networks) have been proposed to further improve
the important spatial freedom [10], [11], [12], [13]. However,
the magnetic field distribution of conventional WPT systems is
generally considered to be uncontrollable. For instance, various
single 3-D transmitting (Tx) coils have been used to generate a
fixed omnidirectional magnetic field distribution [14], [15]. A
specially designed 3-D receiving (Rx) coil was also developed
to reduce output power variation when the Rx position or ori-
entation changes [16], [17]. In addition, direct quadrature Tx or
Rx coils with ferrite cores have been proposed for wide-range
omnidirectional power transfer [18], [19], [20]. Various 2-D
Tx-coil designs have also been applied to generate a rotating
uniform magnetic field [21], [22].

So-called magnetic field shaping can control the B-field distri-
bution through applying different currents in multiple Tx coils.
It has emerged as a promising candidate to further enhance
the performance of today’s WPT systems, such as in transfer
distance, efficiency, and power capability. Rx detection and
B-field control are central to an effective magnetic field shaping.
Therefore, considerable attention has been paid to this detection
and control aspect based on 3-D Tx-coil designs, and most of
those existing works operated in the kHz bands [23], [24], [25],
[26], [27], [28], [29]. For instance, a spherically shaped 3-D
Tx-coil structure was proposed to achieve the magnetic field
shaping through the amplitude control of the Tx output cur-
rents [23]. The final system operated at 535 kHz and performed
the Rx detection through scanning all the 200 directions. With a
different cubic-shaped structure using three orthogonal Tx coils,
a 3-D gradient descent method was introduced to optimize the
Tx-coil current magnitudes, and thus charge multiple moving
receivers with a 20 kHz operating frequency and a 200 ms
convergence time [24]; an extremum-seeking algorithm was
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TABLE I
LIGHT PROJECTION VERSUS MAGNETIC FIELD PROJECTION

z-direction Projection

y-direction Projection

z-direction Projection

Light

Magnetic
flux

Forest green: Light source versus Tx coils; Bright green: (Active) Light versus Magnetic flux; Red: Object versus Rx coil; Dark green:
Shadow versus PA input currents; Gray contour: (Inactive) Light versus Magnetic flux.

also applied to achieve the maximum power transfer to a single
dynamic Rx in 150 ms [25]. A current amplitude control scheme
was developed for a bowl-shaped omnidirectional 6.78 MHz
WPT system to detect the multi-Rx orientations and focus the
power flow towards each receiver [28]. Every five minutes, a
step-by-step detection algorithm was applied to identify the
positions and orientations of multiple Rxs, and a maximum point
tracking function further improves the system efficiency.

Meanwhile, 2-D planar Tx coils have recently received sig-
nificant interest for the magnetic field shaping thanks to their
compactness and increased design freedom of the Tx coils
(number, layout, and shape, etc.) [30], [31], [32], [33]. Based
on classic magnetic field vector analysis in the 3-D Tx coils, an
excitation current vector modulation strategy via communica-
tion between the Tx and Rx was designed to achieve arbitrary
angular misalignment of a single Rx [30]. An automatic tuning
algorithm was developed via an exhaustive phase sweep that
resulted in the highest rectified voltage [31]. A 2-D Tx-coil array
was proposed to power multiple Rxs with six degrees of spatial
freedom [32]. It especially provides extendability via effective
cross coupling minimization. Constant output power of a single
Rx can be further realized when applying a 2-D Tx-coil array,
in which a camera-based visual detection of the Rx position and
orientation is proposed [33]. In most existing literature, each
Tx coil is controlled to generate its own magnetic field vector
in a fixed direction, x, y, or z-direction. This fixed direction
limits the flexibility in the magnetic field shaping and design of a
specific Tx-coil array layout. There is a lack of a comprehensive
detection and control scheme that makes the best use of the
nature of a 2-D planar Tx-coil array.

Unlike existing 3-D Tx coils, the coils in a 2-D Tx-coil array
are not perpendicular to each other. Therefore, the assumption
that the magnetic field vector is perpendicular to its coil plane

no longer holds. Conversely, the proposed 2-D Tx-coil array
allows each Tx coil to dynamically generate multidirectional
magnetic field vectors through precise phase control of the
coil currents. This capability greatly enhances the flexibility of
magnetic field shaping. In particular, the proposed 2-D planar
Tx-coil array is demonstrated to have the capability to generate
a transverse magnetic field via proper phase control of the
Tx-coil currents. By making full use of this unique advantage
(i.e., easiness to generate transverse magnetic field), this arti-
cle develops a new closed-loop-based scheme to detect spatial
positions / orientations of multiple receivers and control the
magnetic field distribution accordingly. Combined with an MHz
operating frequency, the spatial freedom of power transfer and
the compactness of final systems can be further improved. The
proposed control scheme is general to address a 2-D planar
Tx-coil array with a different number of Tx and Rx coils. For
a WPT system with a random number of Rxs, the position
and orientation of each Rx can be determined by three times
magnetic field projections in x, y, and z directions, respectively,
achieved with three different combinations of the Tx-coil current
phases. The proposed detection only needs to measure the input
dc currents of the Tx coils, without requiring communication
between Tx side and Rx side. Thanks to the developed simple
and efficient scheme, the final experimental system can complete
the closed-loop phase control within 25 ms, even with three Rxs
in six degrees of spatial freedom.

The rest of this article is organized as follows. Section II
presents the basic idea of the magnetic field projection for multi-
Rx position and orientation detection based on the orthogonal
projection of visible light [see Table I]. Taking a 2x2 Tx-coil
array as an example, Section III introduces the principle of the
Rx detection. It first delineates all the possible spatial locations
and orientations of the Rxs. Then, a detailed magnetic flux
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analysis is performed for the cases of single Rx and multiple Rxs.
Section IV describes a complete detection and control algorithm
including state monitoring and power amplifier (PA) output
current phase shift control. Then, in Section V, the proposed
detection and control scheme is validated by comprehensive
experiments. Section VI further discusses practical aspects.
Finally, Section VII concludes this article.

II. PRINCIPLE OF ORTHOGRAPHIC PROJECTION

Detecting the position and orientation of single or multiple
Rxs is the key to achieving an effective 3-D magnetic field
shaping to maximize power transfer capability and efficiency.
However, implementing multiple-Rx position and orientation
detection is challenging because each Rx has six independent
degrees of spatial freedom. Taking a WPT system with three Rxs
as an example, the Rxs have eighteen degrees of spatial freedom
(DOF) in total, and in each DOF, there are numerous possibili-
ties. This makes traditional solutions (e.g., conventional look-up
table-based algorithms) infeasible. In addition, as described in
Section I, current literature lacks a solution to detect the Rx
positions and orientations without communication between the
transmitter and receiver.

This article introduces the principle of orthogonal projection
as a novel solution to detect the six-DOF positions and orienta-
tions of Rxs. As shown in Table I, it is intuitive that the projected
graphics in the z, y, and z directions indicate the 3-D shape
and position of an object. If visible light is replaced with the
magnetic flux, the opaque objects are actually equivalent to the
Rxs. Therefore, this orthographic projection solution can also
be extended to detect the Rx position and orientation for the
present 3-D magnetic field shaping problem, such as through an
extendable planar Tx-coil array.

Inspired by the light projection in Table I, if the Tx-coil array
can separately generate magnetic fields in x, y, and z directions,
the Rx can also be effectively “projected” in the three directions.
By applying different current phases (such as 0° and 180°) in
the rows or columns of the coil array, the magnetic field can
be formed mainly towards x or y or z direction. Other phase
combinations can also be used to generate magnetic field in
different directions for Rx detection purposes. Meanwhile, as
same as the nonorthogonal projection, such combinations may
complicate the analysis of magnetic field projection results. Note
that from a strictly physical perspective, all magnetic lines are
closed with no start or end points. However, the lower figures in
Table I illustrate only a portion of these lines for clarity.

Therefore, a step-by-step process of the three times (x or y or
z direction) of magnetic projection can be as follows.

1) First, the magnetic flux in x-direction is generated by
applying a corresponding combination of current phases
to individual coils in the planar Tx-coil array.

2) Then, the input dc power (or current given a specific PA
input voltage) of all the PAs is measured and recorded. This
is because the input dc power of a specific PA is positively
correlated with the amount of magnetic flux (generated
by the Tx coil that the PA drives) passing through single
or multiple Rx coils, namely a “projection” of magnetic
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flux. This avoids direct magnetic flux measurements that
require additional sensors and equipment.

3) Similarly, the magnetic flux in y- and z-direction is gener-
ated sequentially, and again their corresponding PA input
dc power is respectively measured and recorded.

4) Finally, based on the combination of all the above mea-
sured PA input dc power, the Rx positions and orientations
can be determined, as detailed in the following Section III.

III. DETECTION OF RECEIVERS

For ease of discussion, a 2x2 Tx-coil array in Table I is
taken as an example. Through different combinations of current
phases, the magnetic field projections in z, y, and z directions
can be generated. Note that for clarity of illustration, the Tx coils
in the schematic diagram are shown without overlap, unlike
those in the following experiments. Increasing the number of
coils in the Tx-coil array certainly improves the directionality
of the magnetic field. Meanwhile, as verified in the following
sections, the proposed Rx detection still works well for the
example 2x2 Tx-coil array here.

A. Categories of Rx Positions and Orientations

All possible Rx positions and orientations for the 2x2 Tx-coil
array are listed in Table II. They are categorized based on two
types of information or criteria: 1) the serial number(s) of the Tx
coil(s) powering the Rx; and 2) a rough classification of the Rx’s
orientation (nearly horizontal or nearly vertical). Both of them
can be indicated by observing the PA input dc currents under
the magnetic field projections in different x, , and z directions.
Note that due to the geometric symmetry of the present Tx-coil
array, in the current setup, only an even number (i.e., one or two
pairs) of Tx coils can generate horizontal flux that effectively
passes through a nearly vertical Rx coil. Therefore, in Table II,
all eight nearly vertical Rx cases fall into categories II and IV,
where the Rx is simultaneously powered by an even number
of Tx coils (two or four Tx coils). In addition, a reasonable
assumption in the following analysis is that the size of an Rx is
similar to the size of an individual Tx coil. Thanks to the 2-D
distributed Tx-coil array, it is usually easy to adjust the Tx-coil
size for a specific application.

B. Single Rx Detection

A general principle is as follows.

1) Position of Rx: For an Rx with a fixed position and ori-
entation, the power received from each individual Tx coil
can be different. For instance, when Rx is near a corner
of the 2x2 Tx-coil array, only one specific Tx coil and
the Rx have strong coupling, which can be indicated by
the corresponding PA input dc current. For example, since
many consumer electronic devices (e.g., cellphones) have
a minimum input power of 5V-1 A, it is reasonable to
assume that the minimum Rx power received is 5 W.
Assuming a system dc—dc efficiency of about 75% in
low-power mode, the nearest Tx coil should have an input
power of at least 6.7 W. Given a specific PA input voltage,
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TABLE II

Categories Scenes
A _
¢ . R
e T O
#> #> #> #>
#A #4 #A #A

An Rx above Tx#1

An Rx above Tx#2

An Rx above Tx#3

An Rx above Tx#4

=

A nearly horizontal Rx

1 above Tx#1,2

H2

B
HA

A nearly vertical Rx
above Tx#1,2

H#1

o8

A nearly horizontal Rx

above Tx#2,3

-
e

A nearly vertical Rx
above Tx#2,3

H2

ey
WA

A nearly horizontal Rx

above Tx#3,4

2
#1

6]
HA
A nearly vertical Rx
above Tx#3,4

- 2
HA

A nearly horizontal Rx
above Tx#4,1

H2

e

A nearly vertical Rx
above Tx#4,1

#1

e
HA
A nearly horizontal Rx
above Tx#1,3

2

B
HA

A nearly vertical Rx
above Tx#1,3

#1

S
A

A nearly horizontal Rx

above Tx#2,4

H#1 =
L2
H#A

A nearly vertical Rx
above Tx#2,4

w2
(X
m DD%
A

H

A nearly horizontal Rx

above Tx#4,1,2

=N

A nearly horizontal Rx

above Tx#1,2,3

2

n

ey
A

A nearly horizontal Rx

above Tx#2,3,4

2
1

)
HA
A nearly horizontal Rx
above Tx#3,4,1

92
#1

v e
A

A nearly horizontal Rx

above Tx#1,2,3,4

5

A nearly vertical Rx
above Tx#1,2,3,4

42

&
-

1]

e
H#A
A nearly vertical Rx
above Tx#1,4,2,3

TABLE III

the threshold of the PA input dc current can be determined
EXAMPLE OF SINGLE-RX DETECTION*

accordingly, as described in Section V. Note that because
of the use of the threshold, in the following case of multiple
Rx detection, the actual power consumption of all the Rxs
may not necessarily be the same, as is also validated in the
final experiments.

2) Orientation of Rx: The possible Rx orientations can be

y-direction Projection
(0°, 180°, 180°, 0°)

z-direction Projection
(0°,0°,0°0%

z-direction Projection

Projections (0°, 0°, 180°, 180°)

classified as nearly horizontal and nearly vertical. As 5™
mentioned in Section II above, for a nearly horizontal Rx,
Tx coils with the same current phase can effectively power
it, i.e., the z-direction magnetic field projection; while for TrecollNo. 123 4 b2 34 I
a nearly vertical Rx, Tx coils with a 180° current phase ~ Active(YN) Y N N Y N N N N N N NN
difference can power it, i.e., the z- or y-direction magnetic ng:‘iﬁfg 1 o o 1 0 0 0 o0 0 0 0 o0
field projection [see Table IJ. Red-Rx
Based on the above basic considerations, Table III shows an Codeword L 0 0 1 0 0 0 0 0 0 0 0

example of the magnetic field projections of a single Rx, in
which the Rx is nearly vertical and interacts mainly with the
two nearest Tx coils, #1 and #4. In Table III, the gray lines
represent the magnetic flux that does not pass through the Rx
coil, while the green lines are the magnetic flux powering the Rx.
Here, 1 and O are assigned to each Tx coil to indicate whether

* A nearly vertical Red-Rx above Tx#4,1.

this Tx-coil powers the Rx in a specific direction (z, y, or z)
of the magnetic field projection. For the present example, the
codes of the z, y, and z-direction projections are [1 0 0 1],
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TABLE IV
EXAMPLE FOR TWO-RX DETECTION*

z-direction Projection
(0°, 0°, 180°, 180°)

y-direction Projection
(0°, 180°, 1807, 0°)
[ ¢4z

z-direction Projection

Projections (0°,0°,0% 0%

Scenes

Tx-coil No. 1 2 3 4 1 2 3 4 1 2 3
Active(YN) Y Y Y Y N N N N Y Y Y Y

Calculated
Codeword

Red-Rx

Codeword
Yellow-Rx
Codeword

1 1 1 1 0O 0 0 O 1 1 1 1

0o 0 1 1 0O 0 0 O 0o 0 1 1

1 1 0 0 0O 0 0 O 1 1 0 0

* A nearly horizontal Red-Rx above Tx#3,4 and
anearly horizontal Yellow-Rx above Tx#1,2.

TABLE V
EXAMPLE FOR THREE-RX DETECTION*

z-direction Projection
(0°,0°, 180°, 180°)

y-direction Projection
(0°, 180°, 180°, 0°)

z-direction Projection

Projections (0°,0°,0°0°

Scenes

Tx-coil No. 1 2 3 4 1 2 3 4 1 2
Active(YN) Y N N N Y Y Y Y Y Y Y N
Calculated

Codeword 1 0 0 O 1 1 1 1 1 1 1 0
Red-Rx

Codeword o 0 0 o0 0o 0 1 1 0O 0 0 O
Yellow-Rx

Codeword 1 0 0 O 1 0 0 O 1 0 0 0
Blue-Rx

Codeword 0O 0 0 O 0 1 1 0 0 1 1 0

* A nearly vertical Red-Rx above Tx#3,4, a Yellow-Rx above Tx#I,
and a nearly horizontal Blue-Rx above Tx#2,3.

[0 0 0 0], and [0 O O 0], respectively [see Table III]. Note that
this sensing capability is a unique advantage of applying the
2-D planar Tx-coil arrays. Unlike conventional single Tx-coil
solutions, the Tx-coil arrays discussed here can both provide
sensing and power transfer capabilities. As shown in Table II,
all the possible positions and orientations of a single Rx have
their own unique combinations of the four-bit codes in z, y,
and z-direction magnetic field projections. Theoretically, this
detection approach has 12-bit resolution.

C. Multiple Rx Detection

The above magnetic field projection-based single-Rx detec-
tion method can be further extended to address the cases with
multiple Rxs. Tables IV and V show two examples of two-Rx
and three-Rx detection, respectively. The detection can be based
on the above procedures developed for a single Rx and the
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Refer to Table II:
Category I: @
Category II: @@
Category III: @

Category IV: @@

Fig. 1. Detection of six-Rx positions and orientations via a 4 x4 planar Tx-coil
array.
TABLE VI
PHASE COMBINATIONS IN MAGNETIC FIELD PROJECTIONS™
Arrays z-direction Projection y-direction Projection z-direction Projection

z Yy

(RN

z ¥

S RIN

z ¥

£

SR (5o T SO ([ o O (T [

y Y y

* Black coils: In-phase currents (0°);
Green coils: Out-of-phase currents (180°).

superposition principle. It is because a relatively small number
of Rxs (such as 1-3 Rxs in the current case) do not significantly
affect the distribution of the magnetic field. For instance, in
Table IV, assuming that there is only a red Rx coil, then the
binary codes for the x, v, and z-direction magnetic field projects
are [1 1 00],[0000], and [1 1 0 0]. For a yellow Rx coil, the
codesare [0011],[0000],and [00 1 1]. Consequently, the final
codes for the present two-Rx position and orientation detection
are[1111],[0000],and [1 1 1 1]. This combination forms a
12-bit code that does not belong to any known code for a single
Rx detection. A similar principle can be applied to a three-Rx
case, as shown in Table V.

Fig. 1 shows that it is possible to detect positions and orienta-
tions of six Rxs via a 4 x4 Tx-coil array following the same set
of categories in Table II. Table VI further shows that the above
detection principle is applicable to Tx arrays with arbitrary 2-D
dimensions. It should be noted that the detection resolution is
largely decided by the number of coils in the planar Tx-coil
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Initialization \ J

\
|
|
Load Rx codewords, |
|
|
|

phase combos & other vars

|
|
|
|
|
|
|

Monitor Rx number,
position & orientation

: Rx P&O Detection

Conduct B-field projection
& match Rx P&O code

Select Rx P&O code
with the highest probability

Phase Selection

Check optimal phase
combo for Rxs

A4

Select compromised combo
based on Rx priority

Select optimal phase combo
-
for max transferred power

o

Fig. 2. Flowchart of the closed-loop phase control of PA output currents.

array and relative sizes of the Rx coils. If necessary, additional
levels of PA dc input currents beyond the two binary levels can
be defined to further enhance the resolution of Rx position and
orientation detection.

IV. PA OUTPUT CURRENT PHASE CONTROL
A. Control Flow

The flowchart in Fig. 2 summarizes the main procedures of PA
output current phase control in a planar Tx-coil array. Based on
the above Rx position and orientation detection, the purpose
of this closed-loop control is to implement an optimal 3-D
magnetic field shaping for a specific set of Rxs. It is important
to first define several key PA related variables because the PA

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

input dc currents are the only required feedback signals for the
detection.

1) Iini: The dc input current of the ith PA detected within a
certain sampling period.

2) Al i: The variation in J;,, ; compared to its last sampling.

3) AIilrl;m: A threshold of AT, ; that indicates the change of
Rx positions and orientations.

The PA output current phase control is conducted step-by-step

as follows.

1) Initialization: A microcontroller (MCU) first loads all
the prestored Rx position and orientation codes and their
corresponding optimal combinations of PA output cur-
rent phases, specific phase combinations for the z, vy,
z-direction magnetic field projections, and threshold of the
PA dc input current variation ATH™, Note that the selection
of the optimal phase combinations will be discussed in
next subsection.

2) State Monitoring: The MCU monitors all the four PA
input dc currents (i.e., each of the I, ; values). It detects
new changes in Rx number, positions, or orientations by
constantly checking the value of Ali, ;. If any Al ; is
greater than AT, ilrilm, new changes in Rx number, positions,
and orientations should happen and the MCU starts new
magnetic field projections to update the Rx positions and
orientations.

3) Rx Position and Orientation (P&O) Detection: The MCU
controls the Tx-coil array to conduct the z, y, and z-
direction magnetic field projections. Then, it converts a
set of detected PA dc input currents into a binary code.
Initially focusing on single Rx detection, as described in
the above section, the MCU compares the binary code with
all the prestored Rx position and orientation codes

a) If the newly converted binary code exactly matches one of
the prestored codes, the corresponding optimal PA output
current phase combination will be applied.

b) If the binary code does not match any prestored codes,
the similarity (e.g., represented as the Hamming distance)
between them will be compared to identify the most
similar prestored code. The resulting detection of the
Rx position and orientation will then be based on this
prestored code. This decoding approach is commonly used
in communication systems. Note that in multi-Rx cases,
the above comparison process should be executed between
the converted binary code and superpositions of prestored
codes [see Tables IV and V].

4) Phase Selection: Based on the Rx position and orientation
detection results, an optimal combination of the PA output
current phases will be determined and discussed in the
upcoming subsection.

B. Selection of Phase Combination

For a single receiver, a PA output current phase combination
with maximized magnetic flux passing through the Rx can be
considered to be optimal. The purpose of this combination is
to maximize the receiving power. In such a case, the Rx draws
the most power when the PA output currents in the Tx coils are
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TABLE VII
PHASE SELECTION FOR A SINGLE RX*

Number of active Tx coil (s) ~ Rx orientation Optimal phase

One (category I) - Any phase

Two (category II) Nearly-horizontal

Nearly- vertical

In-phase
Out-of-phase

Three ( category III) Nearly-horizontal In-phase

Nearly-horizontal
Nearly- vertical

In-phase
Out-of-phase

Four ( category IV)

* Refer to Table II for the four categories.

' |
1 1
| |
H No. Tx#l Tx#2 Tx#3 Tx#4 VA !
1 1
' o o o o HZ
A " \ %{ i
P20 00 00 00 180° RTCA N
o300 00 1800 0° i
b4 00 00 180°  180° |
oS00 180° 00 0 0°/180° :
)
i 6 0° 180° 0° 180° w3 |
)
b7 00 180° 180°  0° #a |
)
| 8 0° 180°  180°  180° Note: Tx#1 current phase is a reference. |
1 )
1

Step 2: Check phase combinations of active Tx coils
Example: A nearly-vertical Rx above Tx#4,1.

Step 3: Select an optimal phase combination

' i
: |
)
H | A nearly-vertical Rx | !
! - -
! No. Tx#l Tx#2 Tx#3 Tx#4 Red-Rx above Tx#4. 1 i
E 1 0° 0° 0° 0° X !
L2000 00 180° Feerg |
o300 00 1s0e 0° X i i
P40 0 1800 180° Ve |
oS00 1800 00 0° X i '
: . ; 1
b6 00 1800 0°  180° Jpoongeni Candidate optimal -
! ! phase combinations i
! 7 0° 180°  180° 0° X 1 |
! 1
1 8 0° 180°  180°  180° et H
b ] :
Fig. 3. Selection of PA output current phase combination for a single Rx.

either in-phase or out-of-phase (i.e., 0° or 180°), as summarized
in Table VII [34], [35]. In the example 2x2 Tx-coil array, the
typical phase combinations that may enable an Rx to receive
the maximum power include eight combinations, assuming that
the output current phase of Tx#1 is a reference phase, i.e.,
0° [see Fig 3]. As mentioned above, the MCU prestores the
correspondence between the detected Rx positions / orientations
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(i.e., the converted binary codes) and optimal phase combina-
tions, and implements a specific phase combination based on the
latest detection result. For instance, Fig 3 shows an example case
of a single nearly vertical Rx above and between Tx#4 and Tx#1.
This specific Rx position and orientation, which belongs to the
category II in Table VII, can be detected through the z, y, and
z-direction magnetic field projections. Then, the corresponding
out-of-phase solution of the Tx#4 and #1’s PA output currents
(i.e., 180° and 0°, respectively) is determined. Meanwhile, Tx#2
and #3 remain inactive and have minimal impact on the Red-Rx.
Therefore, the phases of these two Tx coils are arbitrary.

For multiple receivers, a final phase combination can be
determined as follows.

1) Prestore the optimal phase combinations of each single Rx

position and orientation in the MCU.

2) After obtaining the positions and orientations of all the
Rxs, check whether a common phase combination exists
that allows all the Rxs to receive maximum power simul-
taneously.

3) If there is no common phase combination, a compromised
phase combination must be determined to power each
Rx. Multiple strategies are possible for different purposes,
such as prioritizing the Rx located at the edge to obtain
enough power and ensuring that the other Rxs also receive
sufficient power. This article adopts a strategy of priori-
tizing an Rx at the edge because there are fewer Tx coils
available to power it.

To further explain, two examples are shown in Fig 4, in which
“v"” denotes an optimal phase combination for an individual Rx.
In Fig. 4(a), the Rx positions and orientations are first detected
through the magnetic field projections, indicating that the red,
yellow and blue Rxs can be potentially powered by Tx#3.4,
Tx#1, and Tx#2,3, respectively. Their optimal PA output current
phase combinations can then be determined, and two common
combinations are [0°, 0°, 0°, 180°] and [0°, 180°, 180°, 0°]. The
final magnetic flux distribution, taking the first combination as
an example, shows that each Rx has the maximized magnetic
flux passing through. For the second example, namely Fig. 4(b),
the red and yellow Rxs can be mostly powered by Tx#1,2,3,4
and Tx#1,2, respectively, because of their different positions and
orientations. There is no common optimal phase combination in
this example. As mentioned above, a compromised strategy is to
prioritize the power received by the yellow Rx at the edge, but
make sure the red Rx also receives a sufficient amount of power.
The final compromised phase combinations are [0°, 0°, 0°, 180°]
and [0°, 0°, 180°, 0°], namely with reversed current phases in
Tx#3 and 4. Again, the first combination is taken as an example
and its magnetic flux distribution is shown in Fig. 4(b). Finally,
the above principle of phase combination selection is general
for more complex cases, such as the one shown in Fig. 1.

V. EXPERIMENTAL RESULTS

A. Circuit Configuration and Implementation

Fig. 5 shows the circuit configuration of an experimental
6.78 MHz WPT system, featuring an extendable planar Tx-coil
array and multiple receivers. The transmitter utilizes multiple
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Step 1: Load Rx positions and orientations

A nearly-horizontal Blue-Rx above Tx#2,3.

! '
l :
i '
i Z !
| B2 :
H *“ An example with common combinations: !
t 1
i '
i A nearly-vertical Red-Rx above Tx#3,4. !
1
! i
E A Yellow-Rx above Tx#]1. H
)
| ¥ :
! i
0 |
H 1
1 1

Step 2: Check common phase combinations

1 1
1 1
1 1
1 1
: No. Tx#l Tx#2 Tx#3 Tx#4 Red-Rx  Yellow-Rx Blue-Rx i
1
I 0° 0° 0° X v v |
1
Vo2 o 0° 0°  180° v v V| :
1 1
! 0° 0° 180°  0° v v X '
1
b4 o 0°  180° 180° X v X '
1
| 0 180° 00 0° X v X !
b6 00 180° 0o 180° v v X |
Yo7 00 1800 180°  o0° v v v
|
b8 0°  180° 180°  180° X v v |
1 1

Strategy A:
Maximizing power reception for all Rxs.

. Each Rx coil is passed through by maximum
magnetic flux (i.e., green lines).

Thus, each Rx receives maximized power at
its current position and orientation.

Fig. 4.

current-mode Class E PAs operating at 6.78 MHz to individu-
ally drive their corresponding Tx coils, while a single receiver
comprises its own Rx coil and a full-wave Class E rectifier. In
each current-mode Class E PA, a T-matching network is added
between the conventional Class E PA and transmitting coil [36].
Physically, there is only one additional parallel capacitor C} ,
because the other two elements, namely two inductors, are
absorbed by Ly ;, and Ly p,, respectively.

The final experimental WPT system is shown in Fig. 6,
adopting the same configuration as depicted in Fig. 5. The four
PA switches, ()14, employ GaN transistors (GS61004B), while
the capacitors are implemented by using Murata’s multilayer
ceramic capacitors with a tolerance of 5%. A minimal FPGA
system board is used to generate a four-channel phase-shifted
PA driving signal. To ensure maximum transferred power, here
only 0° or 180° phase difference (i.e., in-phase or out-of-phase)
is required [see Table VII]. Meanwhile, today’s FPGA and
dedicated phase delay ICs both support phase shift modulation
with an accuracy up to 0.25 ns. This accuracy is sufficient to
provide a higher phase difference resolution for the 6.78 MHz
driving signal in order to adopt additional control strategies.
The Tx- coil array, measuring 20 cm x 20 cm, consists of four
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Step 1: Load Rx positions and orientations

Z
2
~
~ An example without common combinations:
A nearly-vertical Red-Rx above Tx#1,2,3,4.

A nearly-horizontal Yellow-Rx Above Tx#1,2.
%

Step 2: Check common phase combinations

. Tx#l Tx#2  Tx#3  Tx#4 Red-Rx  Yellow-Rx

4 0° 0° 180°  180° X v
5 0° 180° 0° 0° X X
6 0° 180° 0° 180° X X
7 0° 180°  180° 0° N X
8 0° 180°  180°  180° X X

Strategy B:
Prioritizing power of edge Yellow-Rx;
Ensuring sufficient power for central Red-Rx.

Z
=
AT S
_ Red-Rx is mostly powered by three Tx coils,

C Tx#234.

ﬁ’5~°° Yellow-Rx at the edge receives maximized
power from two Tx coils, Tx#1,2.

Selection of PA output current phase combination for multiple Rxs. (a) With common combinations. (b) Without common combinations.

TABLE VIIT
MEASUREMENT RESULTS OF TX-COIL CROSS-COUPLING COEFFICIENTS

Tx-coil pair Tx#1,2 Tx#1,3 Tx#1,4 Tx#2,3 Tx#2,4 Tx#3,4

Coefficient  0.010 0.018 0.002 0.010 0.016 0.010

square coils. As shown in Table VIII, the average cross-coupling
coefficient between these coils has been minimized to 0.011 by
an important coil overlap design, as detailed in [32] and shown
in Figs. 6 and 7, to suppress interference between the individual
Tx coils and thus achieve stable operation of the PAs. There are
three Rxs that may have different positions, orientations, and dc
loads. For the sake of simplicity, the three Rx coils are with the
same size (10 cm x 7 cm), approximately two-thirds the size of
an ordinary cellphone.

As shown in Fig. 7, in real implementation, four current
sensors monitor the four-channel PA dc input currents, and four
active filters remove high-frequency noise from the sampled
current signals. An MCU, specifically the STM32, processes
the current signals and send them to the FPGA. Finally, through
the parallel operation of the FPGA, the phase-shifted signals are
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Fig. 5. Circuit configuration of a 6.78 MHz WPT system with an extendable
planar Tx-coil array and multiple Rxs.

Power & Control
Board

x PAs 2 x 2 Tx-Coil Array

Strip-like
Rectifier.

Actual 6.78 MHz WPT system with closed-loop phase control.

3 x Rxs

Fig. 6.

output to the switches of the four PAs. In addition, the STM32
also sends real-time Rx position and orientation detection results
to a host computer via Bluetooth communication. In particular,
the three Rxs have different loads of 5 2, 10 €2, and 20 €,
respectively.
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Fig. 7. Block diagram of real implementation.

B. Visualization of Magnetic Field Projections

As shown in Table IX, a 3-D structure with 41 LED receiving
modules (2.0 cm x 2.0 cm each) is built up to visualize the
magnetic field projections. A 2x4 blue vertical LED array indi-
cates the x-direction B-field, while a 2 x4 red vertical LED array
indicates the y-direction B-field. A 5 x5 green LED array covers
an area of 20 cm X 20 cm to indicate the z-direction B-field.
Note that the brightness of the LEDs has a nonlinear relationship
with the B-field strength. The six figures in the table verify the
theoretical analysis in Section II. For instance, for the x-direction
projection, the red LEDs indicating the y-direction B-field are
all OFF, while the blue LEDs are all ON. This result validates the
theoretical result in the z-direction magnetic field projection.
Furthermore, the experimental results in the y and z-direction
projects also closely match their respective theoretical results.

C. Detection of Fixed Rx Positions and Orientations

Table X shows the results of the magnetic field projections
for a single Rx. Note that circuits (PAs, rectifiers, etc.) are not
shown in the photo for clarity. To meet the typical minimum
input power of 5 W in consumer electronic devices, the minimum
input power for the WPT system should be 6.7 W, as described
in Section ITI. Consequently, in the experimental setup where the
system’s input voltage is 24 V, the PA dc input current threshold
is set at 0.28 A, calculated from 6.7 W /24 V, which determines
the activation of a specific Tx coil. As shown in the table, based
on the feedback of PA dc input currents and the above threshold,
active Tx coils that power the Rx can be identified. These
detection results are converted to three sets of four-bit binary
codes, each corresponding to the z, y, and z-direction magnetic
field projections. As discussed in Section III-B, a combination of
the three four-bit codes corresponds to one specific Rx position
and orientation, with all the theoretical and experimental codes
in the z, y, and z-direction projections aligning identically.
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TABLE IX
VALIDATION OF x, Y, AND 2-DIRECTION MAGNETIC FIELD PROJECTIONS

z-direction Projection
(0°, 0°, 180°, 180°)

y-direction Projection
(0°, 180°, 180°, 0°)

z-direction Projection
(0°, 0°,0°,0°

Theoretical
results
Experimental
results
TABLE X
EXPERIMENTAL RESULTS OF SINGLE-RX DETECTION*
Scenes z-direction Projection y-direction Projection z-direction Projection
# of Tx-coil 1 2 3 4 1 2 3 4 1 2 3 4
PA input 003 001 011 012 007 002 004 007 068 062 071 074
current (A)
Experiment Active (Y/N) w N N N N N N N N Y Y Y Y
Mae—de = 80.2%  (pa > 0284)
Pout = 51.8 W
out Measured o o o o0 o0 0 0o 0o 1 1 1 1
codeword
w2 [ Caleulated o o o0 o0 0 0 0 0 1 1 1 1
## 1 Ny codeword
Theory
w>  RedRx o o o o o0 o o o0 1 1 1 1
S codeword

* A nearly horizontal Red-Rx above Tx#1,2,3.4.

Both the cases with two Rxs and three Rxs have been inves-
tigated. Here, the results of the two-Rx detection are omitted to
conserve space. Table XI lists the experimental results for the
three-Rx detection. The three Rxs have different positions and
orientations. As described in Section III-C, each Rx corresponds
to a different set of four-bit binary codes in x, y, and z-direction
magnetic field projections. These three sets of binary codes are
superimposed together to form a final code representing the
combined current positions and orientations of the three Rxs.
This final code consistently matches the converted binary code
derived from the actual measurements. Notably, the PA input

dc currents in the y-direction projection are significantly higher
compared to those in other directions. This indicates that there
are more Rxs whose positions and orientations are relevant to
the y-direction magnetic field projection.

D. Dynamic Rx Positions and Orientations

As show in Fig. 8, an experimental platform was built to
verify, including a graphical user interface for real-time display
of detection results and phase commands. First, the hardware
system transmits real-time data to the host PC via Bluetooth.
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TABLE XI
EXPERIMENTAL RESULTS OF THREE-RX DETECTION*

z-direction Projection

y-direction Projection z-direction Projection

Scenes
# of Tx-coil 1
PA input
current (A) 0.78

Active (Y/N)

Nde—de = 77.6%

0.26

3 4 1 2 3 4 1 2 3 4

003 0.16 070 108 090 038 055 093 056 0.03

Experiment Y N N Y Y Y Y Y Y Y N
Poutred = 13.6 W (Ipa > 0.28A)
Pout,yellow =108 W Measured
Pout,blue = 28.2 W codeword 1 0 0 1 1 1 1 1 1 1 0
Calculated
w2 é codeword 1 0 0 1 1 1 1 1 1 1 0
e 8
% Red-Rx
Theory codeword 0 0 0 0 0 1 ! 0 0 0 0
Yellow-Rx 1 0 0 1 0 0 0 1 0 0 0
ey codeword
Blue-Rx
A
i codeword 0 0 0 0 1 1 0 0 1 1 0

* A nearly vertical Red-Rx above Tx#3,4, a Yellow-Rx above Tx#1, and a nearly horizontal Blue-Rx above Tx#2,3.

Then, the PC displays the Rx positions and orientations, Tx-coil
output current phase commands, and Tx-coil dc input currents,
updating every 0.5 s. The subfigures in Fig. 8 are the selected
screenshots from a video. The timestamps of the screenshots are
displayed in the lower-left corners of the screen. The recording
was made using an iPhone 12, operating at a frame rate of 30
frames per second (fps). Note that the actual response time
of the overall closed-loop system is 25 ms, as detailed in the
following subsection. Due to the relatively slow Bluetooth data
refresh rate, i.e., 0.5 s, there is a waiting time to display updated
real-time data on the PC screen. All detection results in Fig. 8
are consistent with the actual Rx positions and orientations. For
example, in the first subfigure, an Rx coil positioned over Tx#1 is
accurately detected. The corresponding phase commands are 0°,
180°, 180°, and 180°, with Tx-coil dc input currents at 0.86 A,
0.14 A, 0.12 A, and 0.10 A.

Furthermore, Fig. 8 shows a continuous closed-loop-based
detection and control process involving various Rx numbers,
positions, and orientations.

1) Initially, ared Rx is positioned above Tx#1. Subsequently,
this Rx moves to the center of the Tx-coil array, altering
its orientation from horizontal to vertical. The MCU de-
termines the current Rx position and orientation based on
the four-channel Tx-coil dc input currents, and calculates
corresponding phase-shift control signals within 25 ms.
The transferred Rx dc output power reaches up to 40.2 W
when the red Rx coil is vertical at time 0:41.

2) A yellow Rx is introduced, with both Rxs continually
changing their positions and orientations. As shown in
the 4th to 6th subfigures, the two Rxs receive respective
amounts of dc output power under the closed-loop-based
detection and phase-shift control. The average of the total
dc output power in the 4th to 6th subfigures is 38.9 W.

3) Finally, the number of Rxs is increased to three. Again, the
Tx-coil array simultaneously powers each Rx in a different
position and orientation. The total Rx dc output power
attains 45.7 W in the last subfigure.

E. Visualization of Detection and Control Process

Fig. 9 displays a complete closed-loop-based detection and
control process as captured by a high-speed camera (Photron
SA3 with 1000 fps, i.e., 1 ms time resolution). Here, each Rx
coil is equipped with four LED sensors, emitting light of a color
similar to its corresponding coil.

1) z-direction Projection (2955-2963 ms): The blue vertical
Rx in z-direction and the z-direction yellow horizontal Rx
on the edge are activated. Because no magnetic flux goes
through the red Rx, the red LEDs of the red vertical Rx in
y-direction are all OFF.

2) y-direction Projection (2963—-2971 ms): Similarly, the red
vertical Rx in y-direction and the z-direction yellow hor-
izontal Rx on the edge are activated.

3) z-direction Projection (2971-2979 ms): As expected, only
the LEDs in the z-direction yellow horizontal Rx are ON.

4) Detection and control (2980 ms): The STM32 and FPGA
perform the Rx P&O detection and phase-shift control.

Finally, the Tx-coil array generates an optimal magnetic field
to power all three Rxs, as shown in Fig. 9(d). The total duration
of the closed-loop-based detection and control process is 25 ms,
specifically from 2955-2980 ms. In particular, there is no need
for communication between the Tx array and Rxs. All the above
results confirm the effectiveness and simplicity of the proposed
detection and control scheme for 3-D magnetic field shaping.

VI. DISCUSSIONS ON PRACTICAL ASPECTS

This article proposes to maximize the use of a 2-D planar Tx
coil array to not only transfer power, but also act as a sensing
device to detect the Rx positions and orientations. This funda-
mental concept could effectively help minimize the complexity
and cost of future commercial WPT systems in sensing and
communication. Meanwhile, in addition to the above theoretical
analysis, several practical aspects need to be addressed, particu-
larly through combining with commercialized device-to-device
communication technology. For instance
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Nine selected scenes of a continuous closed-loop-based detection and control process. For a full demonstration, refer to the video link: https://youtu.be/

n5jzvEmgZyOFluxFlow - High-Freedom Wireless Charging. Also, a smaller file version can be found in the multimedia supplementary materials included with
this article.

1) Foreign metallic object detection: The proposed detection

scheme can work with matured device-to-device com-
munication such as Bluetooth. For instance, after the Rx
position and orientation detection, if some supposed Rx
device is unable to communicate, the presence of a foreign
metallic object can be determined; while during operation,

the entry of a foreign metallic object will cause a sudden
drop in power transfer efficiency (i.e., additional power
dissipation). The Tx-coil array can detect this entry by con-
tinuously monitoring power transfer efficiency and again
screening through device-to-device communication. It is
also possible to refer to and combine with existing foreign
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Fig. 9. Slow motions of the closed-loop-based detection and phase-shift
control (1000 fps). (a) z-direction Projection. (b) y-direction Projection.
(c) z-direction Projection. (d) Detection and control. For a full demonstration,
refer to the video link: https://youtu.be/- An6sU33iBoFluxFrame - High-Speed
Control Visualized. Also, a smaller file version can be found in the multimedia
supplementary materials included with this article.

object detection solutions, which have been intensively
discussed in the literature, to further improve detection
accuracy.

2) Battery state-of-charge (SoC) variation: This variation
will result in different load conditions and required
charging power. In the above experiments, even though
the three Rxs have different dc loads of 5, 10, and 20 €2,
their positions and directions are detected correctly. As
discussed in Section III, Rx position and orientation detec-
tion is encoded in a binary manner, making the detection
robust. Communicating the battery SoC information with
battery charging and management circuitry would help
further fine tune the threshold for detection purposes,
including a multilevel threshold, as briefly explained at
the end of Section III.

3) Battery aging and degradation: Similarly, this will change
the load condition and desired charging power. The pro-
posed Rx position and orientation detection is a robust
operation. Again, information exchange with the battery
charging and management circuitry would help tailor the
proposed detection and control scheme for aging batteries.

4) Scalability: As shown in Fig. 1, when there is a larger
Tx coil-array and more Rxs, the Rx positions and orienta-
tions still fall into the four categories defined in Table II.
Therefore, the magnetic field projection and coding-based
Rx position/orientation detection are still valid. Since the
presence of a specific Rx only affects the coding and phase
combination of the Tx coils in its neighborhood, the added
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cost and complexity are expected to be not significant.
Meanwhile, for future practical applications, an optimal
design needs to be developed to optimize the dimension
of a Tx-coil array and the size of the individual Tx coils.

VII. CONCLUSION

This article presents a new closed-loop-based scheme to de-
tect multiple Rx positions / orientations and control the magnetic
field distribution accordingly. Based on an idea similar to the
orthogonal projection of visible light, the concept of magnetic
field projection in z, y, and z directions is discussed for the pur-
pose of Rx detection. A complete algorithm is then developed to
implement the closed-loop-based detection and control scheme.
Both theoretical and experimental results effectively validate
the full functionality of the new closed-loop-based scheme for
various combinations of Tx-coil output current phases. The
proposed magnetic field projection and current phase control
pave the way to further enhance the spatial freedom of today’s
WPT through extendable 2-D planar Tx-coil arrays.
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