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Abstract—This article presents a novel framework for designing
planar transmitter (Tx) coils to mitigate coil misalignment issues in
wireless power transfer (WPT) systems. The proposed triangulated
Tx coils, composed of multiple triangular unit cells, offer high
design freedom in terms of size and shape. Moreover, with the
proposed stitched winding technique, the current direction within
each coil segment can be altered, enabling precise manipulation of
the resultant magnetic field. However, this flexibility comes with the
challenge of introducing new coil segments that have the potential
to reduce and interfere with the magnetic field. Therefore, a robust
modeling approach is developed to accurately and rapidly predict
the magnetic field generated by arbitrary coil configurations in the
presence of shielding structures. Then, a two-objective optimization
is performed to find the optimal current directions and excitation
strategy, concerning both receiving stability and intensity. The
theoretical analysis and simulation results show that the proposed
Tx coils can obtain 3-D rotating magnetic fields within the whole
charging area, where a planar single-axis coil is sufficient to realize
free-positioning omnidirectional WPT. The experimental results
validate that over 94% uniformity can be achieved in terms of both
angular and lateral misalignment. When using one receiver coil, a
dc–dc power efficiency of 2.137% can be achieved.

Index Terms—Coil design, free positioning, omnidirectional
wireless power transfer (WPT), rotating magnetic field.

I. INTRODUCTION

W IRELESS power transfer (WPT) technology has
emerged as a leading solution for overcoming the limita-

tions of traditional power supplies. In neuroscience experiments,
the wireless headstages on rodents (e.g., mice and rats) are used
for stimulation, recording, and transmission of neural signals [1],
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[2]. WPT systems not only eliminate the need for connection
wires, allowing rodents to move freely, but also ensure con-
tinuous power throughout long-term deployments. However, to
avoid interfering with natural behaviors, this application im-
poses strict size and weight limitations on wireless headstages.
Moreover, the spontaneous movements of rodents often lead
to misalignment between the transmitter (Tx) and receiver (Rx)
coils, which leads to a significant decrease in mutual inductance,
resulting in rapid efficiency degradation [3]. To overcome this
challenge, designing misalignment-insensitive WPT systems is
essential.

WPT systems using Tx coils to generate rotating magnetic
fields have been widely studied to mitigate angular misalign-
ment, as their magnetic field vectors change direction over time.
Compared to 3-D Tx coils [4], [5], [6], planar Tx coils are more
compact, scalable, and easier to integrate [7], [8], [9], [10],
[11], [12], [13], [14]. When 2-D rotating magnetic fields are
generated using planar Tx coils in [7], [8], [9], and [10], the
Rx coils all have at least two windings along orthogonal axes,
wound around a ferrite core, to capture the magnetic flux from all
directions. Compared to planar loop coils, these Rx coils occupy
more space and add extra weight. To enable a single planar coil
as the receiving end, a 3-D rotating magnetic field is required,
where the resultant magnetic field vector is scanned in 3-D space.
Such magnetic field polarization ensures that even a single-axis
Rx coil can capture the magnetic flux in all directions, making
it suitable for situations with limited space at the receiving end.
In [11], [12], and [13], two crossed bipolar coils generate mag-
netic field components that are orthogonal to each other while
parallel to the coil plane, whereas loop coils create a magnetic
field that is perpendicular to the coil plane. Under nonidentical
current excitation, these coils exhibit a 3-D omnidirectional
power transmitting capability. A 3-D rotating magnetic field
polarization can also be achieved by the strategic placement
of meander wires [14]. However, planar coil configurations
in [11], [12], [13], and [14] still suffer from low design freedom,
limiting further performance improvements and customization
for specific applications. In addition, magnetic field polarization
at the edges is often overlooked, which hinders the achievement
of 3-D polarized magnetic fields of the entire charging area and
thus fails to fully mitigate angular misalignment.

To solve these problems, this article proposes a novel de-
sign of planar triangulated Tx coils to further improve the
design freedom and robustness of the free-positioning and
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Fig. 1. Illustration of a free-positioning and omnidirectional WPT system for
powering the moving receiving units within the behavior box.

omnidirectional WPT capability, which is achieved by pro-
ducing three-dimensional rotating magnetic fields in the entire
charging area with a highly uniform magnetic field density
distribution. The main contributions of this article are listed as
follows.

1) The current direction of coil segments within each unit
cell can be controlled, enabling the Tx coils to achieve
robust 3-D polarized magnetic fields even at the edges
while providing significant flexibility in coil design.

2) An innovative winding technique is proposed, allowing
the arbitrary change in the current direction of each coil
segment.

3) A shielding method utilizing both magnetic and metallic
materials is implemented to effectively shield the un-
wanted interference introduced by the proposed winding
technique.

4) A precise and fast magnetic field modeling method is es-
tablished to accurately predict the resultant magnetic field
polarization and distribution under the proposed winding
and shielding techniques.

5) The proposed WPT operates at 6.78 MHz, which lies
within the Industrial, Scientific, and Medical band and
complies with the Air–Fuel Alliance Standard. The mega-
hertz operation helps to improve the charging spatial
freedom under weak coupling conditions since the time-
varying electromotive force (EMF) on the Rx coil is
proportional to the operating frequency.

6) Genuinely free-positioning omnidirectional charging with
high receiving uniformity is produced across the entire
charging area.

II. PROPOSED TRIANGULATED TRANSMITTER COILS AND

GENERATED MAGNETIC FIELD

The proposed free-positioning and omnidirectional WPT sys-
tem is present in Fig. 1, where three planar Tx coils and corre-
sponding excitation circuits are placed under the behavior box,
with a planar loop coil used as the receiving end. To validate the
feasibility of the proposed Tx coils, the magnetic flux density
B generated at the observation point r can be calculated using

Biot–Savart Law

B(r) =
μ0

4π

∫
IdL× r′

|r′|3 = b(r)I (1)

where μ0 is the magnetic permeability in free space, IdL is
the wire element dL carrying current I , and r′ (= r− L) is
the displacement vector from wire element dL at L to the
observation point r. b(r) is separated from B(r) to describe
the influence of coil structure

b(r) =
μ0

4π

∫
dL× r′

|r′|3 = xix̂+ yiŷ + ziẑ. (2)

Here, xi, yi, and zi are the magnetic field components gener-
ated by Coil-i along x-, y-, and z- directions. In this design,
amplitude-modulated (AM) currents are utilized to generate a
3-D rotating magnetic field. The excitation current of Coil-i can
be defined as follows:

ii(t) = Ii cos(ωmt+ φmi) cos(ωot+ φi), i = 1, 2, 3 (3)

where Ii is the peak amplitude of ii(t), ωm (= 2πfm) and
ωo (= 2πfo) are the modulation angular frequency and system
angular frequency, respectively. φmi and φi are phase angles
in modulation and carrier signals. Equation (3) can be further
decomposed into upper sideband and lower sideband

ii|ωu,ωl
(t) =

Ii
2
cos((ωo ± ωm)t+ (φi ± φmi)) (4)

where ωu (= ωo + ωm) and ωl (= ωo − ωm) are corresponding
upper angular frequency and lower angular frequency. Given
that ωo is significantly higher than ωm, both the upper sideband
frequency ωu and the lower sideband frequency ωl are approx-
imately equal to ωo. The total magnetic flux density Bt is the
sum of the magnetic flux density generated by three Tx coils,
which can be formulated as

Bt =

⎡
⎢⎣Bx

By

Bz

⎤
⎥⎦ =

⎡
⎢⎣Bx1

By1

Bz1

⎤
⎥⎦+

⎡
⎢⎣Bx2

By2

Bz2

⎤
⎥⎦+

⎡
⎢⎣Bx3

By3

Bz3

⎤
⎥⎦

=

⎡
⎢⎣I1x1 + I2x2 + I3x3

I1y1 + I2y2 + I3y3

I1z1 + I2z2 + I3z3

⎤
⎥⎦ (5)

where Ii is the phasor form of current ii(t) in (3). The magnitude
of (5) can be calculated as

|Bt| =
√∣∣∣∑3

i=1
Iixi

∣∣∣2 + ∣∣∣∑3

i=1
Iiyi

∣∣∣2 + ∣∣∣∑3

i=1
Iizi

∣∣∣2

=

√∑
j∈{x,y,z}

(∑3

i=1

Iiji
2

(Ci+ + Ci−)
)2

(6)
where Ci+ = cos(φi + φmi) and Ci− = cos(φi − φmi). The
magnetic field polarization, also known as the magnetic field
trajectory, describes the trace of the total magnetic flux density
vector Bt with time, enabling a comprehensive visualization of
the magnetic field properties in terms of direction and strength.
Planar loop coil is used as the Rx coil here, and n (1, θ, φ)
is defined as the unit vector that is perpendicular to the Rx
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Fig. 2. Normalized polarization of magnetic flux density Bt and corre-
sponding normalized induced voltage variation for different polarization types:
(a) fusiform, (b) tubular, (c) spherical-like, and (d) polarization generated by
three straight wires excited by currents in (3) at an observation height of
0.75 times the side length, with I1 = I2 = I3, φm1 = φ1 = φ3 = π/3, and
φm2 = φm3 = φ2 = 2π/3.

coil plane in spherical coordinate, where θ is the polar angle
and φ is the azimuth angle. n is then transferred into Cartesian
coordinate

n = (nx, ny, nz) = (sin θ cosφ, sin θ sinφ, cos θ). (7)

The total magnetic flux ΦB captured by the Rx coil is equal to

ΦB =

∫
S

Bt · nds =
∫
S

(Bxnx +Byny +Bznz)ds

=
3∑

i=1

ii(t)

∫
S

(xinx + yiny + zinz)ds. (8)

Faraday’s Law states that the induced voltage Vind on the Rx
coil is given by the rate of change of the total magnetic flux ΦB

Vind = −Nr
dΦB

dt
(9)

where Nr is the number of turns of the Rx coil. The root mean
square (RMS) value of induced voltage Vind is denoted as Vrms.
To scan all the possible orientations in a 3-D manner, the polar
angle θ is changed from 0◦ to 180◦, and the azimuth angle φ is
changed from 0◦ to 360◦ to exhibit the receiving results of the
Rx coils

Vrms,k =

⎡
⎢⎢⎣
Vk(θ1, φ1) . . . Vk(θm, φ1)

...
. . .

...

Vk(θ1, φn) . . . Vk(θm, φn)

⎤
⎥⎥⎦ (10)

where Vrms,k(θp, φq) (p = 1, 2, 3, ..., m, q = 1, 2, 3,..., n) is
the RMS value of the induced voltage at the kth observation
point when the rotation angle of the planar received coil is
described by θp and φq. Fig. 2 exhibits how the induced voltage
Vrms is influenced by the magnetic field polarization, using a
single-turn loop coil as the Rx coil. Fig. 2(a) shows that despite
achieving a fusiform 3-D rotating magnetic field, the received
power remains unstable. Fig. 2(b) and (c) demonstrate that
both tubular and spherical-like polarizations can greatly mitigate
the angular misalignment problem. Therefore, a 3-D polarized
magnetic field is essential for omnidirectional power receiving,

Fig. 3. Proposed Tx coils with different shapes and layers, where n repre-
sents the side length in multiples of a0. (a) Triangular coils with n layers.
(b) Hexagonal coils with n layers.

but achieving stable receiving with planar loop coils requires
careful design. In Fig. 2(d), a spherical-like rotating magnetic
field polarization can be achieved using three coil segments
arranged in a triangular shape. Each coil segment is excited by a
different AM current. This triangular configuration can serve as
a unit cell for constructing larger coils. Building on this concept,
a triangulated planar Tx coil design is proposed to generate 3-D
magnetic field polarization over a wide range.

As shown in Fig. 3, the proposed triangulated Tx coils are
composed of multiple triangular unit cells formed by three sets
of meander wires. It is assumed that the current direction can
vary for each line segment. Accordingly, the direction indicators
Adirec, Bdirec, and Cdirec are assigned to Coil-1, Coil-2, and
Coil-3, respectively. When the direction of the actual current
flow in the segment is the same as the default direction in Fig. 3,
the value of the corresponding element is assigned as “+1.”
Conversely, the value of the direction element is assigned as
‘–1” when the current flow is opposite. Therefore, the elements
inside the matrix are either “+1” or ‘–1”. The direction of each
line segment in the Tx coil can be written as the following matrix:

Ωdirec =

⎡
⎢⎢⎣
Ω11 . . . Ω1v

...
. . .

...

Ωu1 . . . Ωuv

⎤
⎥⎥⎦ (11)

whereΩ can beA,B, andC. ForAdirec, as shown in Fig. 3(b), the
column number v increases from the left to the right along the
+x direction and the row number u of the line segment increases
from the bottom to the top of the coils along the +y direction.
Therefore, the naming starting point A11, which corresponds
to the first row and first column of Adirec, is positioned at the
lower-left corner of the hexagon. The naming principles ofBdirec

and Cdirec are similar to that of Adirec, but the starting point
changes with the coil orientation. B11 is obtained from A11

by rotating 120◦ clockwise around the coil center, and C11 is
obtained from A11 by rotating 120◦ counterclockwise around
the coil center.
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Fig. 4. Proposed stitching winding technique in the presence of shielding
material. The thickness of the shielding material is denoted as ts, and the
vertical positioning of the shielding material is defined by hu, hl, and h2. The
designed current direction is [+1, +1, –1, +1, –1]. (a) Isometric view of Wire-1
originating from the left. (b) Isometric view of Wire-2 originating from the right.
(c) Isometric view of connected Wire-1 and Wire-2. (d) Top view of connected
Wire-1 and Wire-2.

III. PROPOSED STITCHING WINDING TECHNIQUE AND

MAGNETIC SHIELDING MODELLING

It is assumed that the current direction of each line segment
can be varied, which allows for the exploration of various
combinations of current directions to achieve the optimal design.
In the real coil design, the coil wire goes in one direction and
must return to form a conduction path. To allow the current
direction of each coil segment to change in the real winding, a
novel winding technique is proposed in this design. Moreover,
this article presents a robust modeling method to accurately and
quickly predict the magnetic field of any coil configuration with
a shielding structure.

A. Stitching Winding Technique (SWT)

As depicted in Fig. 4, two wires carrying identical currents
initiate from opposite ends and alternately stitch through the
upper and lower layers of the shielding material, termed the
stitching winding technique (SWT). Fig. 4 illustrates an example
of the implementation of the proposed SWT method. The current
direction is set as [+1,+1,–1,+1,–1]. In Fig. 4(a), Wire-1 carrying
i1(t) ascends above the shielding material for the first two seg-
ments, descends for the third, then ascends again for the fourth,
and finally descends before flowing out. In Fig. 4(b), Wire-2, also
carrying i1(t) but originating from the right, initially ascends,
then descends in the next segment, ascends once more, and
finally descends before exiting. Fig. 4(c) shows the connection
between Wire-1 and Wire-2, forming a closed loop. Moreover,
Fig. 4(d) presents a top view of this configuration. Compared
to the ideal Tx coil configuration in Fig. 3, where the total
magnetic field is simply the sum of the magnetic field generated
by multiple coil segments, the real winding under SWT brings
additional vertical and lower coil segments. The impact of these
coil segments must be thoroughly analyzed and quantified. To
visualize the influence of lower and vertical coil segments, a
simple structure is studied (triangular coils with n= 2), and the

Fig. 5. Calculated magnetic flux density distribution |Bt| considering differ-
ent coil segments of triangular coils in Fig. 3 with n = 2, a0 = 0.2 m, and
h1 = 0.1 m, generated by (a) only upper coil segments, (b) upper and vertical
coil segments (hv = 0.1m), (c) upper and lower coil segments (h2 = 0.06m),
(d) upper, lower (h2 = 0.06m), and vertical coil segments, (e) upper, lower (h2

= 0.06m), and long vertical coil segments (hv = 0.4m).

current direction is given by

Adirec = Cdirec =

[
1 −1

−1 ∗

]
, Bdirec =

[
−1 1

1 ∗

]
. (12)

In the above matrix, elements without a physical meaning are
indicated by an asterisk (*). Fig. 5 demonstrates the impact of
different coil segments on the distribution of the total magnetic
flux density |Bt|. Fig. 5(a) shows the magnetic field distribu-
tion generated only by the upper coil segments. The presence
of vertical lines results in distinct magnetic field patterns in
Fig. 5(b). The difference between Fig. 5(a) and (c) demonstrates
that the inclusion of lower coils with opposite current flow
results in a much weaker magnetic flux density compared to
the configuration where it is not included. Besides, the length of
the vertical coil segment is also important as shown in Fig. 5(d)
and (e). In conclusion, the magnetic field distributions in Fig. 5
generated by different combinations of upper, lower, and vertical
coil segments show that each coil segment plays a critical role
in shaping both the intensity and distribution of the generated
magnetic field. Therefore, to accurately predict the resultant
magnetic field while reducing the unwanted magnetic field,
especially from the lower coil segment, a novel and robust
shielding and modeling method is proposed in this article.

B. Magnetic Field Modeling (MFM) Method

It has been demonstrated that the magnetic field generated
by the lower coil segments significantly reduces the overall
magnetic field. Therefore, an appropriate shielding method is
required to mitigate this effect. However, this poses a challenge
in quickly and precisely evaluating the magnetic field generated
by arbitrary windings, where the current direction of each coil
segment can vary. Design based on theoretical formulas be-
comes highly complicated due to the nonlinear distortion of the
magnetic field introduced by the shielding material. Although
electromagnetic simulation with finite element method (FEM)
solver can provide accurate evaluation of shielding effects, the
process can be extremely time-intensive when attempting to
simulate all possible configurations.
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Fig. 6. Demonstration of the proposed winding equivalent method.
(a) Mapping-1: Real winding to multiple loop coils with different sizes.
Mapping-2: multiple loop coils with different sizes to multiple loop coils with
the same size a0. (b) Mapping example: real winding to multiple loop coils with
the same size.

A novel magnetic field modeling (MFM) method is proposed
in this article, aimed at achieving efficient and accurate modeling
of the shielded magnetic field. Fig. 6(a) illustrates two sequential
mappings. The first mapping transforms the real winding into
multiple loop coils with different sizes. These equivalent loops
match the exact position and direction of the currents in the
original coil winding. The second mapping converts the multiple
loop coils with different sizes into the multiple coils with the
same sizes. Both mappings rely on the assumption that the
magnetic fields generated by two adjacent straight lines with
opposite currents cancel each other out. In this way, any real
winding can be equivalent to a series of unit loop coils with
the designated current directions. Consequently, the resultant
magnetic field is the superposition of the shielded magnetic
fields produced by loop coils. Fig. 6(b) shows an example that
maps a real winding of Coil-1 to multiple loop coils of the same
size. The shielding effect of the loop coil is then studied in the
following parts.

Active and passive shielding are two dominant magnetic
shielding techniques. The active shielding technique employs
active coils excited by the additional source to produce magnetic
fields that counteract unwanted external fields [15], while the
passive shielding technique utilizes the inherent properties of the
shielding material without introducing additional sources. One
of the passive shielding methods involves utilizing conductive
material [9], [16], where the unwanted magnetic fields are neu-
tralized by the eddy current induced on the conductor. Another
passive shielding method uses magnetic materials with high
magnetic permeability, which creates a preferred path of least
resistance for the magnetic field [17]. Hence, such materials can
attract and guide magnetic flux, effectively redirecting it away
from protected areas or confining it within the desired regions.
Active shielding offers dynamic control but requires additional
power and complex mechanisms, hence passive shielding is

Fig. 7. Simulated magnetic flux density |Bt| generated by a single loop
positioned along x axis, when shielded by an aluminum sheet and a magnetic
material sheet, each with a thickness of 2 mm. The total height of this loop coil
h2 is fixed at 0.05 m.

Fig. 8. Simulated magnetic flux density |Bt| along a line (x= 0, z= 0.125 m,
–0.4 m≤ y ≤0.4 m) generated by a loop coil and shielded by a magnetic material
sheet. (a) Variations in |Bt| when the length Δx and width Δy of the shielding
material are changing (hl = 0.04 m). (b) Variations in |Bt| when the magnetic
material sheet is positioned at different heightshl (Δx= 0.05 m,Δy= 0.15 m).

adopted in this design. The passive shielding effects of two
different materials (e.g., aluminum and magnetic material) are
presented in Fig. 7. The width of the shielding structure is defined
as Δy, and the vertical position of the shielding material is
adjusted by varying the height hl when the total height h2 is
fixed. As shown in Fig. 7(a), (b), (g), and (h), the magnetic
fields generated by the coil segments are effectively counteracted
when the aluminum plates are positioned very close to them.
It is also observed that the magnetic field distribution above
the upper coil segment (area of interest) does not experience
obvious distortion when the aluminum sheet is positioned at
the bottom or in the middle of upper and lower segments in
Fig. 7(a)–(f). In addition, the shielding effect of the aluminum
sheet is not sensitive to the width of the shielding material Δy
in this case. When the magnetic material is positioned very
close to the lower and upper coils, unlike the aluminum plate,
the magnetic fields within the adjacent area are enhanced, as
depicted in Fig. 7(i), (j), (o), and (p). In addition, the resultant
magnetic fields vary significantly with changes in the width and
position of the magnetic material, as illustrated in Fig. 7. Fig. 8(a)
provides a further investigation into the complex properties when



2624 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

Fig. 9. Simulated distribution of x-components Bx, y-components By , z-components Bz of the total magnetic flux density Bt, and total magnetic flux
density |Bt| generated by (a) real winding, (b) multiple unit loops after equivalence. Calculated results of (c) the first approximation method, and (d) the second
approximation method.

using magnetic materials, showing the variation in magnetic flux
density |Bt| along a line directly above the loop coil. Compared
to the unshielded case, the shielded |Bt| is substantially greater
and will escalate as Δy increases and Δx decreases. Besides,
an increase in the height of the shielding structure h2 can also
enhance the strength of the magnetic field |Bt| as demonstrated
in Fig. 8(b). In conclusion, placing magnetic materials between
the upper and lower coil segments can greatly enhance the
magnetic flux density compared to the unshielded scenario.
However, this technique is highly sensitive to the dimensions
and placement of the shielding material, which complicates
predictions of the resultant magnetic field. In contrast, using an
aluminum sheet introduces much less magnetic field distortion
but does not enhance and may even diminish magnetic field
strength.

In this design, a combination of magnetic material and alu-
minum sheets is employed to leverage their unique properties.
As shown in Fig. 9(a) and (b), a magnetic material sheet is
placed proximate to the upper coil segment to strengthen the
desired magnetic field, while an aluminum plate is situated just
above the lower coil segment to effectively suppress undesired
magnetic fields.

C. Validation of the Proposed Stitching Winding and Magnetic
Field Modelling Techniques

Random current directions are used first to validate the fea-
sibility of the proposed SWT and MFM methods. Fig. 9(a)
and (b) illustrate the coil configurations for both real winding and
equivalent multiple loop coils of identical size, including both
shielded and unshielded versions. Fig. 9(a) and (b) also present
the simulated results of x-components Bx, y-components By ,
z-components Bz of the total magnetic flux density Bt, and
the total magnetic flux density |Bt| generated by real winding

and equivalent winding that consist of multiple unit loops,
respectively. The good consistency observed between the two
simulation results confirms the feasibility of the proposed SWT
and MFM methods.

To further enhance the speed of magnetic field prediction and
optimization, this article introduces two approximate calculation
methods based on different levels of accuracy. The approxima-
tion method-1 is shown in Fig. 9(c), it is assumed that each unit
loop is shielded under the same shielding structure. Initially, the
magnetic field components (Bx,By,Bz) across the whole area
of interest, generated by three different oriented unit loops, are
obtained through simulation. Then, the magnetic field at other
positions can be obtained by horizontal translation. The second
approximation method acknowledges that the shielding effect
of magnetic materials is highly sensitive to structural changes
as previously discussed. As shown in Fig. 9(d), the magnetic
field components (Bx,By,Bz) generated by 30 differently ori-
ented and positioned unit loops are simulated. Given the central
symmetry of the proposed structure, the magnetic field at other
positions can be obtained by rotation.

Both calculation methods derive the magnetic field compo-
nents (Bx,By,Bz) from FEM simulations, where the magnetic
field generated by a unit loop coil is modeled in the presence
of the entire shielding structure. The total magnetic field is then
obtained through different methods of superposition. The main
difference between these two methods lies in whether they take
into consideration the variation in the shielding effects as the unit
loop coil is positioned at different locations within the shielding
structure.

D. Transmitter Coils Optimization

In this article, a two-objective optimization is performed
to determine the optimal coil structure, direction matrix, and
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Fig. 10. Design flowchart of the two-objective optimization process.

corresponding phase angles. The detailed optimization flowchart
is illustrated in Fig. 10. Initially, the shape and overall dimension
of the transmitter coils are established based on the intended
application with the number of layers n fixed at a predetermined
value. Then, the current directions (Ωdirec) and the phase angles
(φi,φmi) serve as two design variables in the optimization. Since
the three Tx coils share the same structure and are symmetrically
positioned about the center, the amplitudes of the three excitation
currents are preset to be equal. In the optimization process,
various combinations of phase angles (φi, φmi) are attempted,
with each angle randomly selected from a phase pool. The RMS
value of induced voltage Vrms on the Rx coil is directly related
to the received power and receiving uniformity. To ensure both
stable and sufficient received power at the secondary side, two
optimization objectives regarding induced voltage are defined
as follows.

1) Stability: Vstd,k represents the standard deviation of the
induced voltage (Vk(θ1, φ1), . . . , Vk(θm, φn)) in (10) at
the kth observation point, which is calculated as

Vstd,k =

√
1

N − 1

∑N

i=1
|Vrms,k − V rms,k|2, N = mn

(13)
where V rms,k is the average value of the induced voltage
at the kth observation point. To minimize the fluctuation
caused by the rotation, the average value of Vstd,k (denoted
as V std) across all observation points should be as small
as possible. V std is further normalized to V std,norm using
min-max normalization method [18].

2) Intensity: Vmin,k represents the minimum induced voltage
value at the kth observation point. The average value of

Fig. 11. (a) Derived Pareto-front resulting from the two-objective optimiza-
tion. (b) Current directions Adirec, Bdirec, and Cdirec obtained from the optimal
solution. (c) Observation Points: P1, P2, P3, and P4. (d) Distribution of total
magnetic flux density |Bt|. Polarization and corresponding normalized RMS
value of induced voltage Vrms at observation points (e) P1, (f) P2, (g) P3,
(h) P4.

TABLE I
KEY PARAMETERS IN THE SYSTEM

Vmin,k over all observation points is denoted as V min.
To ensure that both optimization objectives attain their
optimal values at the minimum, −V min instead of V min,
is normalized to V min,norm using min-max normalization
method.

The optimization problem can be summarized as follows:

Design Objective: Minimize V std,norm and V min,norm

Design Variables: Ωdirec(Ω = A,B,C), φmi, φi(i = 1, 2, 3).
(14)

The derived magnetic field polarization and distribution of
the optimal design are checked to determine, whether the pre-
vious fixed layer number n is sufficient to meet the desired
performance criteria. If the criteria are not met, increasing the
number of layers n, and the optimization process is repeated.
Fig. 11(a) displays the derived Pareto-optimal front after the
two-objective optimization. The chosen optimal point is the
one with the smallest Chebyshev distance from the ideal point
(0, 0). In Fig. 11(b), the optimal result of current directions is
presented. A hexagonal transmitter coil with four layers (n= 4)
is implemented.

The corresponding phase angles are listed in Table I. This
optimal combination of phase angles, 0, π/3, and 2π/3, not only
achieves optimal magnetic field polarization and distribution,
but also minimizes the reactive power in the system caused
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Fig. 12. Circuit topology of the proposed 3Tx-1Rx WPT system.

by the inherent mutual inductance between three Tx coils.
Fig. 11(c)–(h) displays the distribution of the total magnetic
flux density |Bt| across the entire hexagonal charging area,
along with polarization at four arbitrarily selected points, and
corresponding induced voltage variations.

IV. SYSTEM TOPOLOGY AND THE PROPOSED

EXCITATION STRATEGY

Based on previous analysis, Tx coils need to be excited by AM
currents with designed phase angles and amplitude. To achieve
this, the circuit topology of the proposed excitation strategy is
illustrated in Fig. 12. Each transmitting circuit consists of a
synchronous buck converter, a full-bridge inverter, and an LCCL
compensation network. First, the synchronous buck converter
modulates the amplitude of its output voltage according to the
envelope of the required AM currents. This is achieved by
controlling the on-off states of Q1i and Q2i, and the output
voltage Vbi is proportional to the conduction duty cycle D1i of
high-side switch Q1i

Vbi = D1iVin, i = 1, 2, 3. (15)

Then, the full-bridge inverter converts the envelope Vbi into
high-frequency AM voltages VABi between Point-A and Point-
B as shown in Fig. 12. Following this, an LCCL compensation
network is used to provide controllable current sources to the
Tx coils. Lbi and Cbi are inductance and capacitance in the buck
converters. Lri, Cri, and Ci are inductance and capacitance in
the LCCL-S topology. Li and ri represent the self-inductance
and parasitic resistance of Coil-i, respectively. On the secondary
side, capacitor Cs fully compensates Ls, and a voltage doubler
rectifier is used to supply dc voltage to the load RL. The mutual
inductance between Tx Coil-i and Tx Coil-j is defined as Mij

(i �= j), and the mutual inductance between Tx Coil-i and Rx
coil is defined as Mis. Given that the three Tx coils have an
identical structure and are symmetrical about the center, the
mutual inductance M12 = M13 = M23 = M0. Since the three
Tx coils are identical, the parameters of each transmitting circuit
are considered to be the same for simplification, i.e., Lri = Lr,
Cri = Cr, Li = L0, Ci = C0. In Fig. 12, Zx represents the
overall equivalent impedance looking into theLiCi branch. This
includes the Zref, which is the sum of the reflected impedance
from other transmitting circuits and receiving circuits. Based on
Kirchhoff’s voltage law, the following can be obtained:

Vi = jωLrIri + ZxIi (16)

Fig. 13. Experimental verification of the proposed free-positioning and omni-
directional WPT system. (a) System set-up. (b) MCU and one of the transmitting
circuits. (c) Front view of the proposed Tx coils and shielding materials. (d) Top
view of the proposed Tx coils.

Iri = (jωCrZx + 1)Ii. (17)

When the values of components in the LCCL compensation
network satisfy ωo = 1/

√
LrCr,(16) can be rewritten as

Vi = jωLr(1 + jωCrZx)Ii + ZxIi

= jωLrIi − ω2LrCrZxIi + ZxIi = jωLrIi. (18)

As a result, the output current Ii through Coil-i will only be
determined by the voltage Vi and inductance Lr

Ii = Vi/(jωLr). (19)

Therefore, by utilizing the proposed excitation strategy, precise
control over both the amplitude and phase angle of each excita-
tion current can be achieved regardless of variations in load and
coupling conditions.

V. EXPERIMENTAL VALIDATION

A. Experimental System Set-Up

To validate the free-positioning and omnidirectional capa-
bility of the proposed triangulated coils, the complete system
setup is presented in Fig. 13. This setup includes a microcon-
troller (MCU) TMS320F28379D, transmitting circuits, Tx coils,
shielding materials, an acrylic box, 3-D printed (3DP) supports,
receiving circuits, and Rx coils.

A total of six PWMxA/B modules in the MCU are used to
generate control signals for on-off switches in transmitting cir-
cuits. At the front buck stage, sinusoidal pulse width modulation
control signals are fed into the LMG1210 half-bridge drivers
to generate control signals for Q1i and Q2i. For full-bridge
inverters, the MCU generates a pair of inverse control signals
operating at 6.78 MHz through PWMxA/B, which was then
input to the LMG1210 drivers to produce control signals for
the left half-bridge (S1i, S2i) and the right half-bridge (S3i,
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Fig. 14. Experimental waveforms: (a) Drive signals for switches Q11, Q12,
Q13. (b) Drive signals for switches S11, S12, S13. (c) Voltage VLCi over the
combination of Li and Ci.

S4i). Dead time can be manually controlled by adjusting the
external resistor connected to the LMG1210, and the phase
difference between the excitation signals of the coils is managed
by a synchronization program. IRLB4030PbF is utilized as the
ON–OFF switch in the synchronous buck converter stage, and
the GaN-on-silicon power transistor GS66508B is used in full-
bridge inverters. To mitigate the skin effect at high frequencies,
a litz wire comprising 500 strands of AWG 48 wires is utilized
to fabricate both Tx and Rx coils. The acrylic box is a regular
hexagon with a side length of 400 mm. The relative permeability
of magnetic material A4000-150 exhibits a permeability value
of around 135 at 6.78 MHz. The magnetic sheet, with a total
thickness of 2 mm, is composed of four layers of a 0.5-mm
magnetic sheet. The aluminum plate also has a total thickness of
2 mm. Moreover, circular vias are created in both the aluminum
and magnetic sheets to meet precise stitching winding require-
ments. Essential waveforms are presented in Fig. 14, and all the
key parameters in the system are listed in Table I.

B. 3-D Omnidirectional Wireless Charging

To verify the robustness of the proposed omnidirectional WPT
system, a 35×35 mm circular loop coil is used as the Rx coil. The
normal vector of the Rx coil plane is described by polar angle
θ and azimuthal angle φ in the spherical coordinate system. To
achieve comprehensive coverage of all possible directions in
3-D space, θ is scanned from 0◦ to 90◦, and φ is scanned from
0◦ to 315◦. During the experiment, the Rx coil is mounted on
adjustable 3DP supports to achieve the specified orientations,
ensuring a constant distance of 100 mm between the centers of
the Tx and Rx coils. Fig. 15 illustrates the variation in RMS
value of induced voltage Vrms, as described in (10), at four
arbitrarily selected observation points when the Rx coil is angu-
larly misaligned. Both experimental and theoretical results are
presented, and despite some errors between them, their overall
trends are mostly consistent. Receiving uniformity, in terms of
angular and lateral misalignment, can be quantified according
to the definitions provided in [13]. The uniformity related to
rotation angles at each observation point is defined as

Ua = Na/Nta (20)

whereNta represents the total number of selected rotation angles
at each observation point, andNa denotes the number of rotation
angles where the voltage exceeds 75% of the maximum voltage.

Fig. 15. Measured Vrms under different rotation types at different observation
points (a) P1, (b) P2, (c) P3, and (d) P4.

Fig. 16. Variations of measured Vrms under two orientations (Angle-1: θ =
0◦, Angle-2: θ = 45◦, φ = 0) when the Rx coil moves along different paths
(a) Path-A, (b) Path-B, and (c) Path-C.

At a height of 100 mm, the uniformity Ua at each selected
point exceeds 94%. Therefore, the feasibility of the proposed
omnidirectional powering characteristics is verified.

C. Free-Positioning Wireless Charging

Fig. 16 illustrates the variations in measured Vrms as the
Rx coil moves along three different paths: Path-A, Path-B, and
Path-C. Both Path-A and Path-B involve the Rx coil starting at
one vertex of the hexagon and traveling to the directly opposite
vertex. In contrast, Path-C follows a zigzagging route designed to
cover the remaining points within the charging area. During the
testing, the Rx coil moves along these paths under two different
orientations. Angle-1 corresponds to the orientation where the
plane of the Rx coil is parallel to the Tx coil plane (θ = 0◦),
while Angle-2 represents the orientation where θ = 0◦ and
φ = 45◦.

The measured results in Fig. 16 show that the RMS value of
induced voltage Vrms, as described in (10), remains fairly stable
even in extreme cases, such as the start and end points of each
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TABLE II
WORK COMPARISON OF FREE-POSITIONING AND OMNIDIRECTIONAL WPT SYSTEM WITH ROTATING MAGNETIC FIELDS

path. Furthermore, the measured voltage Vrms is relatively weak
at the edges of the Tx coils and moderately higher at the center,
consistent with previous theoretical findings in Fig. 11(d). To
quantitatively express the voltage fluctuation under each case,
the fluctuation concerning lateral misalignment is defined as

Ul = Nl/Ntl (21)

where Ntl is the number of the total selected points along each
path, and Nl denotes the number of points where the voltages
exceed 75% of the maximum voltage of each observation point.
The results indicate that the horizontal movement of the Rx
coil does not experience much degradation in all cases. The
uniformity Ul reaches 100% along all three paths under both
orientations. Therefore, the proposed WPT system demonstrates
robust free-positioning capability throughout the entire charging
area.

VI. DISCUSSION

Table II provides a comprehensive comparison of coil dimen-
sions, operating frequency, size ratio, and other key parameters
with those of other free-positioning and omnidirectional WPT
systems utilizing rotating magnetic fields. In this work, the size
ratio of Tx and Rx coils is deliberately made large to ensure
sufficient activity space for small animals, enable independent
charging, and maintain high compactness of the headstages.
However, considering the significant size difference and large
separation between Tx and Rx coils, the inductive link operates
under low coupling conditions, which inherently results in rela-
tively low efficiency. To address this, the operating frequency of
the proposed WPT system is selected as 6.78 MHz, a frequency
more suitable for WPT systems under low couplings, as the
EMF on the Rx coil is proportional to the operating frequency.
However, the complexities of converter design, control circuits,
and wire selection escalate when the frequency climbs up to
megahertz frequencies.

To further optimize the proposed design, it is essential to
identify and analyze the losses within the proposed WPT system.
The total loss in this system includes losses in the transmitting
circuits, coil losses, losses due to the shielding material (Pshield),
and losses in the rectifier (Prec). The loss in the transmitting
circuits can be further decomposed into losses in the buck
stage (Pbuck) and the full-bridge inverter (Pinv) [18]. Fig. 17
illustrates the loss breakdown of the proposed WPT system,
where the coil loss of the three Tx coils (PTx) dominates the
loss of the system, despite AWG 48 Litz wire being employed
in the design. If this system is applied to scenarios where the

Fig. 17. Power loss breakdown of the proposed WPT system.

size of the receiving end is not strictly constrained, such as
charging smartphones or tablets, the operating frequency can
be adjusted to a few hundred kilohertz, whereas Litz wire is
more efficient at mitigating the skin effect and proximity effect.
Moreover, this design can be extended to include four or more
excitations, however, integrating additional circuits and coils
operating at MHz frequencies may lead to increased system
losses as previously discussed. Therefore, further discussion
is necessary when adding coils and excitations. On the bright
side, the proposed SWT and MFM methodologies in this study
can be directly applied, and they have been proven effective
and viable, providing a robust theoretical basis for further study.
Also, considering the significant size difference between Tx and
Rx coils, the system efficiency is inevitably low when there is
only one Rx coil, but the efficiency will escalate with the number
of receiving ends since the excitation currents through each coil
are considered constant with the help of the LCCL topology.

VII. CONCLUSION

This article introduces a novel triangulated Tx coil design,
composed of multiple triangular unit cells. The design offers
high degrees of design freedom, allowing customization of unit
size, number of layers, and shape to meet specific requirements.
Furthermore, it can adjust the current direction of each coil
segment. To achieve this, an innovative winding technique is
presented, enabling arbitrary change in the current direction
of each coil segment. In addition, a new shielding method
combining magnetic and metallic materials is proposed to effec-
tively enhance the magnetic field strength. A precise and rapid
magnetic modeling method is also developed and validated to
accurately predict magnetic field polarization and distribution
when using the proposed winding and shielding techniques.
With the proposed excitation strategy, the planar Tx coils can
generate a 3-D rotating magnetic field over a wide area, facilitat-
ing free-positioning and omnidirectional wireless power transfer
using only planar loop coils. Experimental results demonstrate



LI et al.: TRIANGULATED TX COILS WITH HIGH DESIGN FREEDOM FOR FREE-POSITIONING AND OMNIDIRECTIONAL WPT SYSTEM 2629

that over 94% uniformity can be achieved in terms of both
angular and lateral misalignment. When using one receiver coil,
a dc–dc power efficiency of 2.137% can be achieved.
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