10594

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024
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a Planar Transmitter Coil Configuration
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Abstract—High degrees of coupling freedom in wireless power
transfer (WPT) has emerged as a prominent research topic. The
challenge lies in achieving a compact structural design for such
systems. This article introduces a planar transmitter configuration
composed of three decoupled and separately controlled converters
to enable three-dimensional (3-D) WPT to an arbitrarily positioned
receiver above the transmitter. By theoretical analysis based on the
coupled mode equations, it is found that there is a direct relationship
between the dc input voltages and currents of the inverters for
achieving the maximum efficiency. The spatial magnetic field is
shaped by controlling the input voltages based on the measured
currents to achieve the best magnetic field coupling for maximum
efficiency tracking, regardless of the positioning and alignment
of the power pickup. A practical system is built with a 10 X
10 cm transmitter (with three decoupled coils) and 3.5 X 3.5 cm
(single coil) receiver, and it is demonstrated that the system can
achieve a power transfer efficiency about 80% within 3 cm above
the transmitter under all 3-D coupling conditions.

Index Terms—Magnetic field forming, maximum efficiency,
planar coil configuration, wireless power transfer (WPT).
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I. INTRODUCTION

IRELESS power transfer (WPT) technology facilitates
W the provision of power without the necessity of phys-
ical connections. This methodology has demonstrated signifi-
cant convenience and reliability in domains such as consumer
electronics, electric vehicles, sensor networks, and various un-
manned systems, thus attracting extensive attention from re-
searchers [1], [2], [3], [4], [5], [6], [7]. Commercialization of this
technology has been realized in sectors including mobile phones
and computers. However, current WPT strategies impose strin-
gent requirements on the positioning of transmitters (Tx) and
receivers (Rx), substantially limiting the application of WPT in
practical products. The escalating demand for powered devices
necessitates enhanced spatial flexibility and system compactness
in wireless charging systems.

In order to improve the spatial flexibility of WPT sys-
tem, some investigations have been conducted. For exam-
ple, three-dimensional (3-D) Tx coil structure, relay coil
and adjustable impedance matching are introduced into
WPT [8], [9], [10]. However, a large amount of magnetic
leakage leads to the inefficiency of these methods when the
position and direction of the Rx change. The magnetic field
shaping in the three-dimension space can effectively improve the
charging efficiency of the omnidirectional WPT system. Some
researchers change the current distribution in the 3-D orthogonal
Tx coil array through multiple controlled sources to shape
magnetic field [11], [12]. However, 3-D Tx structure has low
space utilization and it is difficult to apply in many application
scenarios.

Some scholars have done the research of high degree of
freedom WPT based on planar coils in recent years. However,
relevant research results are relatively few. Kang et al. [13]
realized the 3-D magnetic field shaping through a 2-D planar
Tx coil array, but the cross coupling between Tx coils is not
completely eliminated. Feng et al. [14] proposed a fully de-
coupled coil array to realize 3-D rotating magnetic field. The
above work achieves magnetic field shaping by phase shifting.
However, phase shifting will increase magnetic field leakage and
reduce efficiency [15]. Furthermore, each of these approaches
necessitates the acquisition of the receiving coil’s positional and
directional information, a process that not only substantially
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heightens system complexity but also fails to maintain universal-
ity across various devices. And these above methods all require
more than four Tx coils.

This article introduces a WPT system with high degrees of
coupling freedom based on a planar coil configuration, which
can provide power to receivers of any position and orientation.
The transmitter of this system consists of only three coils, and a
3-D magnetic field is shaped by a compact planar coil structure.
The Tx coils are decoupled. Maximum efficiency tracking can be
achieved by changing the input voltages based on the measured
currents of inverters. The main research content and innovations
of this article can be summarized as follows.

1) A generic decoupling and design method for a planar
transmitter used for 3-D magnetic field forming is pro-
vided. The mechanism of achieving a 3-D magnetic field
shaping with this scheme is clarified. This greatly reduces
the installation space for wireless power transfer system
with 3D coupling capability.

2) Established a multitransmitter coil WPT system circuit
model using LCC-S topology based on the coupling mode
model, and found the direct relationship between the dc
input voltages and currents of the inverters for achieving
the maximum efficiency.

3) A scheme of changing the input voltages based on the
measured currents in the inverters is proposed to obtain the
optimal magnetic field and tracking the maximum system
efficiency. Compared with previous research, the wireless
communication module is eliminated.

The rest of the article is organized as follows. Section II
introduces the design scheme of the planar coil group and
supplemented by an illustrative example. Section III builds
the proposed system’s circuit model and Section IV intro-
duces the method of maximum efficiency tracking. Section V
covers the experimental setup and its validation. Finally, Sec-
tion VI concludes the article.

II. TRANSMITTER CONFIGURATION AND MAGNETIC FIELD
ANALYSIS

A. Design Principles of the Planar Transmitter

The system in discussion features a planar transmitter de-
signed to generate a controllable magnetic field in space. For
optimal power transfer efficiency, the planar transmitter should
maintain maximum mutual inductance with an Rx coil placed
arbitrarily in space. A schematic demonstration of the coupling
mechanism with a single Tx coil and an Rx coil is shown in
Fig. 1(a).

In scenarios with a diminutive Rx coil, for simplicity, the
magnetic induction intensity of the point P (the center of an Rx
coil) is chosen to deduce the mutual inductance. According to
Biot Savart’s law [16], the magnetic induction intensity produced

by the Tx coil at the point P is denoted as B p, which is
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Fig. 1. Magnetic field at Rx coil generated by (a) a single Tx coil and

(b) multiple Tx coils.

where (i is the vacuum permeability, / denotes the excitation

current, L is the length vector of the current element, r symbol-
izes the distance vector from the corresponding current element
to the point P, and 6 represents the angle between 7 and the
orthogonal vector of the Rx coil’s plane. Based on the definition
of the mutual inductance, the mutual inductance M between the
Tx coil and the Rx coil is defined as

M =" d®/I = BpS cos¥. )

Thus, for a fixed magnetic induction intensity Bp at point

P, the angle between the direction of Bp and the Rx coil
plane determines the mutual inductance. Assuming that there are
multiple Tx coils, the direction of the magnetic field generated
by the Tx coil i is e;. Coupling mechanism with multiple Tx coils
and an Rx coil is shown in Fig. 1(b), and the magnetic induction
at point P can be expressed as

B =Y b= Y A0 )

According to (3), using n Tx coils will produce a total mag-

netic field B p at point P that is the vector sum of the magnetic
fields generated by each Tx coil at P When n>3, if B P1, Bpa,

and B p3 are linearly independent, B p can point to any spatial
direction. Under these conditions, for any arbitrarily placed Rx
coil, the excitation currents can be adjusted to make the angle

0 between Bp and the normal vector of Rx be zero, thereby
ensuring maximum mutual inductance between the transmitter
and receiver.

Introducing multiple adjacent Tx coils could lead to cross-
coupling among them. This scenario suggests that each Tx coil
could potentially act as an Rx coil for the others, a situation that
may cause variations in the reflected impedance of each Tx due to
changes in the excitation current. Such variations might deviate
the system’s magnetic field from its intended configuration,
adversely affecting the transfer efficiency. Therefore, addressing
cross-coupling among Tx coils becomes critical for maintaining
system efficacy.

Drawing from this analysis, to achieve magnetic field shaping
through excitation current control, ensuring the highest mutual
inductance between Tx and Rx coils, the Tx coil group’s design
should satisfy the following two conditions.
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Tx coil group design. (a) Top view. (b) Front view. (c) Independent

Fig. 3.

Intricate depiction of the Tx coils.

1) Employ atleast three Tx coils. There is no mutual coupling
among these Tx coils.

2) Ensure each Tx coil’s magnetic induction vector at the Rx
coil remains linearly independent.

B. Magnetic Field Analysis of a Planar Transmitter

Building upon the design principles elucidated in the pre-
ceding section, a planar Tx assembly has been proposed for a
WPT system with enhanced spatial freedom. This configuration
features three separate Tx coils as shown in Fig. 2. Tx1 and
Tx2 are double-D (DD) coils, arranged to overlap each other.
In pursuit of the thinnest possible design for the transmitter,
the square coil, Tx3, is slightly larger than both Tx1 and Tx2
and encases them. To better meet the needs of omnidirectional
wireless charging for mobile devices, a relatively smaller square
coil has been adopted as the Rx coil. The excitation currents
within the three Tx coils are denoted as 11, I, and I3, respectively.

Initially, minimizing mutual inductance between the Tx coils
is crucial to avoid potential interference in their transmission
impedances. To aid in calculating this inductance, Fig. 3 provides
an intricate depiction of the Tx coils coupled with a comprehen-
sive spatial region segmentation.

According to the formula of mutual inductance between two
coils, the mutual inductances between Tx coils are

My = (Pa21 + P21 + Pco1 + Pp21) /11 =0
Mz = (Pas1 + P31 + Pes1 + Ppsy) /11 =0 )
Moz = (Paz2 + P32 + Pes2 + Ppaz) /12 = 0.

In the above-mentioned equation, ® 4 ;; represents the mag-

netic flux generated by the current in Tx j that passes through
area A of the Tx i coil. Taking into account the symmetry of these
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three coil structures, in this tricoil transmitter configuration,
there is an absence of cross-coupling amongst the paired Tx
coils, aligning with the design prerequisites highlighted previ-
ously. In real applications, given potential minor structural de-
formations, unforeseen mutual inductance might arise between
the Tx coils, complicating the process of impedance matching.

Ensuring the linear independence of magnetic induction in-
tensities generated by the trio of transmission coils at the Rx
position is crucial. For streamlined analysis, initial calculations
focused on magnetic induction intensities proximate to the Z-
axis. The outcomes for the three coils on the Z-axis are

Bx1=0
By1 =0
Il
By = Ho .
8 [(1/2)2 + h2] ’
BX2 = 0
Ih
By, = Fo 5
A [(z/2>2 + hﬂ ’
Bz =0
Bxs =0
Ih
Bys — Ho .
A [(1/2)2 + h2] ’
Bzz =0 &)

where h represents the height from the point to be measured to
the Tx plane, [ is the side length of Tx, and By; denotes the
component of the magnetic induction strength generated by Tx
i inthe X-axis direction. As discerned from (5), proximate to the
Z-axis, Tx1, Tx2, and Tx3 induce magnetic fields along the Z,
X, and Y axes, respectively. Induction intensities along alternate
directions appear minimal. This signifies the orthogonal nature
of their magnetic induction intensities around the Z-axis.

Utilizing finite-element simulations provides a comprehen-
sive view of the spatial dispersion patterns inherent to the mag-
netic induction intensities produced by the three-coil structure.
Fig. 4 visually conveys the spatial magnetism triggered by the
coils under electrical stimulation.

Primarily, in the areas directly above the coils, the magnetic
fields generated can be interpreted as orthogonal to each other.
However, as one approaches the edges of the coil, there’s a
noticeable decrease in the spatial angle of magnetic induction
intensity generated by Tx coils. This suggests that the complex-
ity of magnetic field synthesis increases when the Rx moves
closer to the transmitter’s boundaries. Given that the Rx covers
a specific surface area, the magnetic flux lines passing through
it do not follow a uniform direction. The combined magnetic
induction effects from the three transmission coils acting on
the Rx are considered to be linearly independent. As a result,
this arrangement has the capability to generate a 3-D magnetic
field in any desired direction above the Tx. To further illustrate,
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Fig. 5. Magnetic field distribution under different current excitations.
TABLE I
SIMULATION RESULTS FOR THE SELF-INDUCTANCE AND MUTUAL INDUCTANCE
OF THE COILS
Tx1 TX2 Tx3
Tx1 62.9 uH 0.25 nH 0.53 nH
Tx2 0.25 nH 77.6 uH 0.15 nH
Tx3 0.15nH 0.3 uH 77.7 uH

Fig. 5 shows magnetic field distribution under different current
excitations.

It can be observed that the direction and magnitude of the mag-
netic field at a fixed position change with variations in current.
Therefore, by altering the amplitude of the current, the magnetic
field at the location of the Rx coil can be enhanced, reducing
magnetic leakage in other directions, thereby improving the
overall efficiency of the system. The simulation results for the
self-inductance and mutual inductance of the three transmitting
coils are shown in Table I.

It can be seen that the mutual inductance between the coils of
this structure is almost zero, indicating that they are decoupled,
which matches the theoretical results.

C. Extended Discussion

The scheme proposed is applicable not only to the configu-
ration comprising two DD coils and a Q coil but also extends
to other coil arrangements that satisfy the conditions outlined in
Section II-A.
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Fig. 6. Positional relationships between current elements.

Indeed, when the configuration of three coils, symmetric
along both the X and Y axes, satisfies the following conditions:
Current distribution in Tx1 is symmetric along the X-axis and
antisymmetric along the Y-axis; current distribution in Tx2 is
symmetric along the Y-axis and antisymmetric along the X-axis;
and current distribution in Tx3 is antisymmetric along both the X
and Y axes, then the three coils can be mutually decoupled. This
arrangement ensures that the magnetic fields generated by each
coil do not interfere with each other, allowing for independent
operation and control of each coil within the system. Consider-
ing three coils configured as previously described, the mutual
inductance M between coils can be calculated by integrating the
magnetic flux & generated by current elements at each point
within a coil [1]. Taking Tx1 as an example, assume a current
element at point P (a, b, h1) on Tx1 is [1dl;, with its vector
direction being (c, d, hs). Then, for a symmetric point P’ along
the x-axis (a, —b, h1), the current element is /1d/;’, and its vector
direction is (¢, —d, hs). Similarly, for a point Q (e, f, h3) on Tx2
or Tx3, there is a current element /odl5, with its vector direction
being (g, h, hy). And for a symmetric point Q' along the x-axis
(e, —f, h3), the current element is Iodl,’, with its vector direction
being (—g, h, —hy4). The positional and directional relationships
between these current elements are illustrated in Fig. 6.

The magnetic flux d® generated by the current element /,d/;
on the area element enclosed with I5dls can be expressed as

d@:d§~d§:dj§~<d72x?>

_ Anl (atyxr) - (atsx7). ©6)

por3

Corresponding to this, the magnetic flux d®’ generated by the
current element /;d/;’ on the area element enclosed with Iodls’
can be expressed as

N N — —
d®’ =dB'-dS =dB’- <d12 x?)

<d71, X F) . <d72, X ?> . @)

_ 4l
B por3
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Fig. 7. Two alternative coil configurations.

After substituting coordinates into the expression for mag-
netic flux, it can be derived that

49’ = —do. (8)

This means the total magnetic flux generated by Tx1 within
Tx2 (Tx3) can be obtained by combining the magnetic flux
generated by the parts of Tx1 above and below the X-axis within
Tx2 (Tx3) which expressed as

(I)Total = o=
Txl,Tx2
ﬂ ot ﬂ o+ ﬁ o+ # o =
TxlaboveX TxzlaboveX TxzlbelowX TxlaboveX
Tx2aboveX Tx2belowX Tx2aboveX Tx2blowX
O+ 3 = 0. 9)

TxlaboveX,Tx2 TxlaboveX,Tx2

The magnetic flux generated by Tx1 within Tx2 and Tx3 is
zero, indicating that the two coils are completely decoupled.
Similarly, it can be concluded that Tx1, Tx2, and Tx3 are
mutually decoupled from each other. Based on this conclusion,
any coil configuration that meets actual usage requirements can
be designed. Fig. 6 illustrates two alternative coil configurations
that are compatible with the proposed approach.

Fig. 7(a) and (b) expands upon the dual DD coil and square
coil structure. These indicate the high degree of adaptability of
the proposed solution.

This adaptability underscores the versatility of the proposed
approach, making it applicable to a wide range of coil config-
urations beyond the initially described tricoil structure. Such
flexibility facilitates the design of WPT systems that can cater
to diverse operational requirements and spatial constraints, sig-
nificantly broadening the scope of potential applications.

III. PROPOSED SYSTEM AND MODELING

For WPT systems with high spatial degrees of freedom, the
complex positioning of the receiver implies significant magnetic
leakage and low efficiency. Adjusting the spatial magnetic field
can minimize this system leakage. Typically, magnetic field
shaping requires position information of the receiver, but this
method demands an intricate communication link and is not

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024
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Fig. 8. System circuit topology.
TABLE II
SYMBOLIC REPRESENTATION OF ELECTRONIC COMPONENTS
Symbol Quantity
In, In, I3, Io Current amplitudes of Tx coil 1, 2, 3, and Rx coil
Ip, Ipo, Ip3, Output currents of inverters
Vint, Vina, Vinz, Vo Voltage amplitudes of Tx 1, 2, 3 and Rx
Vpi, Ve, Vs Output voltages of inverters
Ly, La, Ls, Lo Self-inductances of Tx coil 1, 2, 3, and Rx coil
R, Ry, Rs Coil resistances of Tx coil 1,2, 3
Ri, Ro Coil and load resistances of Rx coil
Ci, Gy, G5, Co Resonant capacitances of Tx coil 1, 2, 3, and Rx coil
Mo Mutual inductances between Tx coil » and Rx coil

universally applicable to different transmitter structures. In fact,
the flux variation between the Tx and Rx coils can be mapped to
the system’s mutual inductance parameters, reflecting the effec-
tiveness of magnetic field shaping through system efficiency. It
is crucial to explore a method to easily reshape the magnetic field
based on circuit parameters and enhance system efficiency. This
section establishes the system’s circuit model mathematically
and analyzes the relationship between system efficiency and
primary-side parameters.

The previous section mentioned that a constant Tx coil current
is required to maintain the stability of the magnetic field shaping
effect under varying coupling conditions. This article selects the
LCC-S topology. With this topology, the Tx current remains
constant even under load fluctuations. The system topology, as
shown in Fig. 8, consists of three Tx coils and one Rx. The
symbolic representation of electronic components is shown in
Table II . The Tx coils include a full-bridge inverter, resonant
coil, and compensating capacitor, whereas the Rx comprises the
Rx coil, compensating capacitor, rectifying circuit, and load.

Generally, for a system with a single Tx coil and Rx coil,
the magnitude of the induced current relates to the coupling
coefficient K, where K is a positive scalar and always maintains
a positive value in mathematical expressions. However, when
the number of Tx coils exceeds two, the direction of the current
generated by multiple Tx coils through magnetic coupling res-
onance in the same Rx coil may differ. This article defines the
coupling coefficient K as a scalar that can take negative values
for convenience in calculations. When the direction of the input
current corresponds to Fig. 2, K7 is defined as positive. When the
induced current in the Rx coil from Tx2 is in the same direction
as that produced by Tx 1, K> is positive; otherwise, it is negative.
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The same applies to K. It is important to note that this definition
is solely based on coil positioning and is not related to current
amplitude and phase. The advantage of this definition is that
high degree of freedom WPT system modeling requires only
a unified equation, eliminating the need for different equations
when the Rx coil is in various positions.

The coupled mode theory (CMT) is used to analyze the
relationships between the strongly coupled system [17], [18].
To describe WPT schemes with Txs and Rx, we proposed a
model based on coupled-mode theory of a higher order resonant
system whose dynamics equations are described as

da; . .

dC:t = — (I — jwi)a; + jkioao + S+

dao . ° .

= =" (To +T'ro — jwo)ag + g Jkiag  (10)

i=1

where a; and a( represent the time domain field amplitudes of
Tx i and Rx, respectively, such that |az-,0|2 represent the energies
stored in corresponding resonator; w, and wq are the working
frequency of Tx i and Rx; k; is the coupling rate between the Tx
coil 7 and the Rx coil, which depends on frequency and coupling
coefficient K. I'y and I'; are the decay rate due to absorption and
radiated loss in Rx 7 and Tx i; ', is the decay rate due to a load
resistor in Rx; and S, is external excitation to the resonator,
which appears only in Txs.

IV. MAXIMUM EFFICIENCY TRACKING

The time domain field amplitudes of the three Tx coils can be
expressed in complex form as

ai:Aiej(“’H“’i) (11)
where A; is the amplitude of time domain mode signal of Tx
i, which is a variable related to the energy of the resonator and
proportional to the amplitude of the current in the coil.

In addition, the decay rate and the coupling rate have the
following relationships with the circuit parameters:

R; Ry, Ry woK;
lN'n=—, I't=—, To=—, ki= .
F=orn, YT 2L, 2

The power dissipated at Tx i, Rx, and load R; are denoted as

P;, Py, and P, respectively, and they can be expressed as

(12)

P; = 21| A,
Py = 2T| Ao|?
Py =2Tp AL (13)

Through the formula (13), it can be calculated that the overall
efficiency of the system is

Z?:l P, + (Po + PL)

C [rlaP) /s @A) e

e o] o )]

Mo
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Fig. 9. LCC primary side topology. (a) System with a voltage input. (b) Its
Thevenin equivalent.

When Tx and Rx work at resonance frequency at the same
time, the amplitude of time domain mode signal can be expressed
as

|k1AleW1 + ko Ageiez kgAgejW!
(To+Ty)

This shows that efficiency of the system is a function of the
current phase of the Tx coils, and the equivalent coupling rate
ko between all Rxs and Tx i is defined as

- |]€1A1€j901 + ko AgedPz kJ3A3ej"93|
> (Fz‘|A1:|2>

Efficiency increases monotonically with ky. Leveraging
Cauchy—Schwarz inequality, an inequality conforming to for-
mula (16) is established, expressed as

[ Ao| = 5)

ko (16)

ko

A A A 3 S\ 2
<k‘1 1+ koAs + k3 3 - ‘_1(;‘%). (17
S (Fz’|Ai|2) '

Therefore, according to the conditions of the equation, effi-
ciency of this WPT system can be maximized when the phases
of three input currents are in-phase or reverse phase. This is
because when there is a phase difference in the currents of the
three Tx coils, the composite magnetic vector direction at the
Rx is not fixed but rather a rotating vector. The magnetic vector
in the direction of the Rx coil’s normal vector is responsible
for inducing current in the coil, whereas components in other
directions act as magnetic leakage, subsequently reducing the
system’s efficiency.

Under the equality condition of the Cauchy—Schwarz inequal-
ity, the amplitudes of the currents in Tx coils are

klel . kg\/LQ . k3\/L3
Ry =~ Ry = Ry

Since there is no mutual inductance between the Tx coil and
Rx coil, each Tx can be analyzed independently. The primary
side topology of the LCC and its Thevenin equivalent are illus-
trated in Fig. 9 [19], [20].

With Lp; and Cp; in resonance, the primary side topology of
the LCC effectively acts as a constant current source for the Tx
coils, and the current can be described as

Vpi

Ipy = —FL 19
T o (19)

111]21132

(18)
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Fig. 10.  Flowchart of power transfer process.

In the absence of considering the internal resistance of coils,
the effective value of the current /p; in the compensation circuit
can be represented as

P VpiM?

= . 20
Vei L3Ry (20)

Ip; =

In the WPT system featuring an LCC-S topology, the output
voltages V p; of inverters are

™

Vpi = 2D
When the load changes, the conditions of expected input
voltage V+ ini for maximum efficiency can be deduced as

syt =Len [Ipr . Lez [Ipz . Lps [lps
in3 Ry Vin1 © Ra Vin2 * Rs Vins
(22)

By detecting the current value of /p; and input voltage Vi,
the relation of expected input voltage V+ ini can be calculated.
Then, adjust the input voltage according to the formula (22), the
system can work with the highest efficiency real-time. Fig. 10
illustrates the flowchart detailing this power transfer process.

On this basis, a model of high spatial freedom WPT system
with receiver is proposed. The functional block diagram and
energy flowchart are shown in Fig. 11.

The system channels electrical energy from three inputs into
magnetic energy via the Tx coil, showcasing its capability for
magnetic field shaping, which is evident in its ac—ac transfer
efficiency. Upon the Rx coil’s integration into the system, it
detects variations in the currents IP, enabling the adjustment of
the dc input voltage in line with (16). Through the modification
of the input voltage using the LCC-S topology, the input current

VoV

inl in2
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Fig. 12.  Experimental setup. (a) Overall platform. (b) Coil details.

to the Tx coil is regulated, facilitating the achievement of op-
timal magnetic field configuration and the pursuit of maximal
efficiency tracking. Subsequently, the ac/dc converter converts
the induced electromotive force into a steady dc power output,
culminating the wireless power transmission cycle.

V. EXPERIMENTAL STUDY
A. Experiment Setup

A WPT system prototype with triple planar Tx coils and
a Rx was built to validate the proposed model and results.
Fig. 12 presents a schematic of the experimental setup. A direct
current source links to three full-bridge inverters, which in turn
supply the system with alternating current. The system employs
a full-bridge rectification circuit to convert the ac voltage into
dc voltage. A signal generator manages the system’s phase and
frequency. The coupling assembly incorporates three Tx coils
and a singular Rx coil. The assembly of Tx coils features a square
layout, with both Tx2 and Tx3 characterized as DD coils, each
spanning 10 cm with 15 windings. Meanwhile, Tx1, a square
coil, envelops the exterior with 10 windings. The Rx coil is
square-shaped, sizing up at 3.5 cm x 3.5 cm with 20 windings.
For a detailed view of these coils, refer to Fig. 12(b).

An operating frequency of 500 kHz has been selected. The
system utilizes an LCC-S compensation network, constituted by
inductors crafted with Litz wire and an ensemble of capacitors.
On the receiving end, the circuitry features a full-bridge rectifier
designed using uncontrolled diodes. The actual parameters for
the high degree of freedom WPT system are delineated in
Table II1.

Upon carrying out measurements across the three sets of
Tx coils, a minor degree of mutual inductance was detected
among them. This observed mutual inductance could primarily
result from inconsistencies in manual winding processes and
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TABLE III
ACTUAL PARAMETERS OF THE WPT SYSTEM

Symbol Value Symbol Value Symbol Value
Lp S5.1uH Ly 63.2 uH R; 12Q
Lp 5.0 uH Ls 64.6 uH R 20Q
Lps 5.0 uH R 1.3Q Ro 0.8Q
L 71.2 uH Ry 1.1Q Lo 72.6 uH

TABLE IV
MUTUAL INDUCTANCES ACROSS TX COILS
Tx1 TXx2 Tx3
Tx1 / 0.6 uH 0.4 uH
Tx2 0.6 uH / 0.3 uH
Tx3 0.4 uH 0.3 uH /

minor deformations occurring after winding. Table IV details
the mutual inductance values identified among these Tx coils,
which are markedly lower than the mutual inductance measured
between the Tx and Rx coils. The minor mutual inductances
observed are unlikely to significantly influence the transmission
process, leading to the deduction that the three Tx coils are
effectively decoupled.

B. Maximum Efficiency

To validate the conditions stipulated for optimal efficiency
from the prior section, we executed a fixed-position energy
transfer experiment. The Rx coil was inclined with its normal
vector defined as (1,1,1), aligning with the coordinate system
illustrated in Fig. 2. The distance from the center of the Rx coil
to Tx was 2 cm. And a 20 2 resistor is utilized as the load.
Variations in the currents and phases of Tx coils yielded the
waveform, depicted in Fig. 13. Within each representation, from
the top down, the waveforms denote the induced voltage in the
Rx coil, followed by currents in Tx1, Tx2, and Tx3, respectively.

From Fig. 13(a), with all Tx currents at 0.33 A, the induced
voltage measures around 12 V, and the system’s efficiency is
74.7%. In Fig. 13(b), maintaining the Tx current amplitudes at
0.33 A and altering the phases to 0, 7/6, and 7/3, respectively.
The Rx’s induced voltage drops to approximately 6 V, the
system’s efficiency decreases to 52.1%. This decrement stems
from increased magnetic leakage due to the rotating magnetic
field, aligning with the previously discussed phase prerequisites
for optimal efficiency. The selected Tx current in Fig. 13(c),
derived from (16), achieves an induced voltage peaking at 12 V
with Tx currents at (0.2 A, 0.2 A, 0.43 A), and the system
can transfer energy with an efficiency of 81.9%. By adjusting
the input voltage rather than maintaining a consistent current
across each Tx, the system’s power transfer efficiency witnesses
a notable enhancement.

Theoretically, the LCC-S configuration can deliver a consis-
tent voltage output, irrespective of the load, even with three LCC
circuits on the Tx side. In subsequent tests, variation in the load
resistance was introduced, and the system’s input voltage was
monitored. The variations in the voltage of the Rx coil and the
overall system efficiency in relation to the resistance adjustments
are presented in Fig. 14.
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Fig. 13.  Waveforms when (a) using the same Tx coil currents, (b) phases are
0, 7/6, /3, and (c) using the proposed method.

The results reveal that changes in resistance have a minimal
effect on the output voltage across the Rx coil. As resistance
increases, there is a slight elevation in the voltage at the Rx coil’s
terminals. This effect is likely due to the voltage division caused
by the internal resistance within the receiving coil, which results
in adjustments to the output voltage in response to variations
in the load. Additionally, the efficiency of the system shifts in
response to these load changes. Achieving optimal impedance
matching, crucial for maximizing transfer efficiency, is possible
when the load resistance is within the 20-30 {2 range. In such
scenarios, the system is capable of attaining an efficiency peak
of around 83%.

C. Position and Angular Misalignment

In WPT systems with high degrees of freedom, there is often
an unpredictability regarding the receiver coil’s placement. This
necessitates a system capable of delivering power to the Rx
with any specific location and orientation. To assess this, the
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TABLE V
PERFORMANCE COMPARISONS OF SOME REPORTED OMNIDIRECTIONAL WPT SYSTEMS

R N f P for effici
eported Tx/Rx diameter ‘umber o Tx structure Efficiency arameters neede{d or efficiency
Works inverters tracking

[12] 30/30 cm 3 Three orthogonal coils in 3-D space About 28% Rx’s position information
[13] 50/10 cm 4 Planar coils Up to 55% No efficiency tracking
[14] 20/10 cm More than 4 Planar coils About 80% Rx’s position information
[21] 30/10 cm 3 Three orthogonal coils in 3-D space About 11.5% No efficiency tracking
[22] 58/10.5 mm 3 Three coils in one bow] area Up to 28.5% No efficiency tracking
[23] 6/4 cm 3 A Cube space with a side length of 6 cm About 60% No efficiency tracking
This article 10/3.5 cm 3 Planar coils 78%—83% Primary side input currents
1241 ----- 1= Tomam-- FooTe- q----- .--10.84
S aad oS R R
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£ &
= =
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Fig. 14.  Output voltage and efficiency during resistance changes.
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Fig. 15.  Transfer efficiency during angular misalignments.

system’s power transfer efficiency was examined with varied
Rx alignments. Specifically, the Rx was located 2 cm directly
above the Tx, with its plane’s normal vectors at positions (1,0,0)
and (1,1,0) in the experiments. Fig. 15 details the efficiency
dynamics as the Rx underwent rotations about its horizontal
axis.

Remarkably, regardless of the Rx’s direction, the system
consistently achieved a dc—dc output efficiency exceeding 80%.
This confirms that the planar design of the Tx enables versatile
power transmission irrespective of the Rx’s orientation.

Fig. 16.  Efficiency when the normal vectors of the Rx plane are (a) (\/57 1,1),
(b) (1,1,v/3), (©) (1,/3,0), and (d) (v/3,1,0).

Further assessment is required for the power transfer capa-
bility when the Rx undergoes positional displacement. Experi-
ments were executed with the Rx situated at various locations,
specifically 2 cm above the Tx. And the normal vectors of the
Rx plane are (v/3,1,1), (1,1,v/3), (1,4/3,0), and (+/3,1,0),
respectively. Fig. 11 visually represents the correlation between
the Rx’s placement and the achieved power transfer efficiency.

Fig. 16 demonstrates that the system maintains consistent
efficiency regardless of the Rx’s position. Moreover, the dc—dc
efficiency exceeds 80% in the majority of areas, and sustained
an ac efficiency of approximately 90%. Such a performance is
unparalleled by conventional methods. Consequently, the intro-
duced WPT system presents stable and high-efficiency solutions
for devices demanding extensive spatial flexibility.

To achieve a more nuanced comprehension of the charging
domain in the high-freedom WPT system, efficiency variations
were assessed in relation to changes in the gap between the Rx
center and the Tx plane. The normal vector of the Rx plane was
designated as (1,0,0) (0,1,1), respectively. Fig. 17 portrays the
efficiency fluctuations under these two orientations.

Clearly, the system experiences a significant drop in efficiency
when the distance exceeds 4cm. This decrease is largely due to
the reduced diameter of the Rx coil, which causes a significant
decrease in mutual inductance as the distance grows. Changes
in the orientation of the Rx result in only slight variations in
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Fig. 17. Transfer efficiency with varying distance to Tx plane.

efficiency, a consequence of the distinct magnetic flux patterns
created by the three Tx coils along the Z-axis. In conclusion,
although this WPT system maintains steady efficiency across
various angles and positions, achieving optimal performance
necessitates proximity to the Tx. Table V provides a comparative
analysis of performance metrics for various high degrees of
freedom WPT systems from different studies, all of which utilize
more than three inverters. Compared to some previous research,
this article achieves efficient wireless energy transmission with
stable efficiency, regardless of the position and orientation of the
Rx coil. Furthermore, the approach introduced here is character-
ized by its simplicity and minimal parameter requirements, mak-
ing it more straightforward to implement. Notably, the design
utilizes an Rx coil that is comparatively smaller than the Tx coil,
aligning more closely with the practical demands for wireless
charging in devices requiring high mobility and flexibility.

VI. CONCLUSION

This article examines the transfer of power to a receiver in
any position and orientation using a planar coil configuration.
The underlying principles and design methodology for magnetic
field shaping within the configuration are discussed. Subse-
quently, the CMT equations for the system were established.
The theoretical analysis, simulations, and experimental results
of this study indicate that there is a direct relationship between
the dc input voltages and the currents of the inverters in achieving
maximum efficiency. By altering the input voltages based on
the measurement of currents in the inverters, it is possible to
achieve magnetic field formation, thereby minimizing magnetic
leakage and enhancing system efficiency. The method proposed
in this article significantly enhances the efficiency of WPT
systems that require high degrees of coupling freedom and
compact configurations, such as in scenarios including mobile
device charging and power provisioning for sensor networks.
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