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ABSTRACT: This study focuses on the design of a multi-transmitter single-receiver wireless power transfer (MTSR-WPT) system, par-
ticularly for implantable medical devices such as brain pacemakers. Conventional charging methods rely on invasive surgery or frequent
battery replacement, posing significant challenges for patients. To address this issue, this work proposes an MTSR-WPT system based
on a flexible printed circuit board (FPCB). The designed small-coil array topology leverages the mechanical flexibility of the FPCB to
conform to complex biological surfaces, significantly enhancing two-dimensional omnidirectional anti-misalignment capability while
reducing magnetic leakage during operation. To further compensate for misalignment between the transmitter and receiver, a backpropa-
gation neural network optimized by the Seagull Optimization Algorithm (SOA-BP) is introduced for the receiver coil position prediction,
combined with a fuzzy PID control strategy for dynamic output voltage regulation. Simulated and experimental results demonstrate
that under a fixed load condition, the proposed system achieves stable energy transfer within a 120mm charging area, maintaining an
output power exceeding 1W when the receiver coil is positioned at a height of 20mm. Compared with traditional single-coil systems,
the optimized multi-coil array exhibits superior performance in both misalignment tolerance and magnetic leakage suppression. These
results verify the effectiveness of the proposed MTSR-WPT system and highlight its potential for implantable medical devices and other
power electronic applications, providing a novel solution for achieving efficient and reliable wireless energy transfer.

1. INTRODUCTION

In recent years, driven by the growing demand for advancedmedical technologies, a wide range of implantable medical
devices (IMDs) have been actively developed. However, most
existing IMDs still rely on electrochemical batteries or wired
DC power supplies [1], which not only increase device volume
but also necessitate secondary surgical procedures for battery
replacement after depletion. The emergence of wireless power
transfer (WPT) technology offers a safe, long-term, and conve-
nient energy supply solution for implantable devices [2, 3].
WPT has been widely applied in various implantable med-

ical systems, including implantable cardioverter defibrillators
(ICDs) [4], deep brain stimulators (DBS) [5], cochlear im-
plants (CIs) [6], and biomedical capsule endoscopy systems
[7]. Its key advantage lies in eliminating frequent battery re-
placement surgeries while enabling stable long-term power de-
livery [8, 9]. Meanwhile, flexible printed circuit board (FPCB)
technology, owing to its high flexibility and favorable biocom-
patibility, has been increasingly adopted in the design of im-
plantable coils [10, 11], significantly enhancing structural free-
dom and adaptability.
Nevertheless, human body motion inevitably introduces spa-

tial misalignment between the transmitting (Tx) and receiv-
ing (Rx) coils [12]. Conventional planar WPT systems re-
quire a strict coaxial alignment to achieve high coupling effi-
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ciency [13, 14]. Angular or lateral displacement leads to a sharp
reduction in mutual inductance and coupling coefficient, result-
ing in degraded efficiency and potential system instability. Ex-
isting approaches to improve misalignment tolerance include
enlarging coil dimensions [15], employing multi-coil array
switching, or adopting multilayer stacked structures [16, 17].
However, these solutions often increase structural complexity
and suffer from limited magnetic field uniformity, restricting
their applicability in compact implantable systems.
To address these challenges, this paper proposes an FPCB-

based multi-transmitter single-receiver wireless power trans-
fer (MTSR-WPT) system combined with an intelligent adap-
tive control strategy to enhance robustness and power transfer
stability. The proposed FPCB coil array exhibits high mag-
netic field uniformity and low magnetic leakage, effectively
overcoming the limited energy concentration of conventional
single-coil structures. In addition, a backpropagation neu-
ral network optimized by the Seagull Optimization Algorithm
(SOA-BP), together with a fuzzy PID controller, is employed
to enable adaptive regulation under dynamic misalignment and
load variations. Finite-element simulations and experimental
results demonstrate that the proposed system achieves superior
transmission efficiency, misalignment tolerance, and electro-
magnetic safety performance.
The remainder of this paper is organized as follows. Sec-

tion 2 presents the overall system architecture and the equiv-
alent circuit model. Section 3 focuses on the optimization of
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coil geometric parameters and the design of a coupling mech-
anism suitable for implantable medical devices. Section 4 in-
troduces the intelligent control strategy based on the SOA-BP
neural network and fuzzy PID control. Experimental validation
is provided in Section 5, and conclusions are drawn in Section 6.

2. CIRCUIT MODELING AND EFFICIENCY ANALYSIS
In this section, we develop a circuit model for the MTSR-WPT
system and derives analytical expressions for the key parame-
ters and system efficiency. A parametric analysis is conducted
to identify the dominant factors affecting the power transfer
performance, providing a theoretical basis for hardware design
and coil optimization.
As illustrated in Figure 1, the proposed MTSR-WPT sys-

tem employs an array Tx comprising seven self-decoupled, par-
tially overlapping flexible FPCB coils integrated with ferrite,
enabling conformal bending to accommodate practical deploy-
ment. The Rx consists of a single coil with identical mate-
rial and geometrical parameters to the transmitting coils, also
backed by ferrite. Within a circular charging region of 120mm
in diameter, a microcontroller unit (MCU) adaptively activates
one to four transmitting coils in closest proximity to the re-
ceiver, while the remaining coils are maintained in an open-
circuit state. As the receiver position varies, the MCU contin-
uously estimates its location and reconfigures the active trans-
mitter set to ensure stable power transfer. The corresponding
localization algorithm and control strategy are detailed in sub-
sequent sections.

FIGURE 1. MTSR-WPT system for implantable medical devices.

Figure 2(a) illustrates the simplified equivalent circuit of the
MTSR-WPT system under steady-state operation. To achieve
stable power transfer over a wide range of positional variations,
an LCC-S compensation network is employed at the transmitter
side. In this topology, the series inductor and shunt capacitor
establish an approximately constant-current characteristic, ef-
fectively suppressing transmitter current fluctuations induced
by coupling variations and thereby maintaining a stable load-
side output voltage. The receiver adopts a series-compensated
resonant structure, featuring a compact topology and ease of in-
tegration. According to the standard design principles of LCC-
S resonant converters [18], ω should satisfy:

ω =
1√

LlccClcc

=
1√

LRxCs

=
1√

(LTx,i − Llcc)CTx,i

(1)

The system employs a full-bridge inverter topology, as
shown in Figure 2(b), to convert the DC voltage VDC into a
high-frequency square-wave driving voltage VSW . Consid-
ering the presence of multiple activation modes under actual
operating conditions, VSW can be equivalently represented
as either an AC voltage source or an open circuit, depending
on the operating state. When operating in the open-circuit
mode, both VSW and the fundamental component of the
high-frequency current ISW can be approximated as zero. In
contrast, when VSW functions as an AC voltage source, the
power transfer characteristics of the system can be analyzed
according to the following circuit model. To simulate different
activation combinations, let the activation set be defined as
A ⊆ {No. 1, 2, 3, 4, 5, 6, 7}, where the number of active
transmitter units is denoted as N = |A|. Denote the parasitic
resistance and the equivalent load resistance of the receiving
coil as RRx and RL, respectively. According to [19], α is the
coefficient for calculating the equivalent AC resistance, and
the equivalent impedance of the receiving coil ZRx can be
expressed as:

ZRx = RRx + jωLRx +
1

jωCs
+ αRL, α =

8

π2
(2)

The impedance at the receiving end can be reflected to the
transmitting end through the mutual inductive coupling, and the
corresponding equivalent reflected impedance can be expressed
as:

Zref,i =
(jωMi)

2

ZRx
, ∀i ∈ A (3)

Here,Mi denotes the mutual inductance between the ith ac-
tivated transmitting coil and the receiving coil. This expression
indicates that the load at the receiving end not only determines
the power transfer path but also directly affects the input char-
acteristics of each transmitting unit through mutual coupling.
Furthermore, each activated transmitting unit possesses in-

dependent parameters RTx,i, LTx,i, and CTx,i, while the com-
pensation componentsLlcc andClcc are shared among all trans-
mitting units. In this case, the receiving-end impedance ZRx is
reflected to each transmitting branch via the mutual inductance
Mi and, together with the impedance of the transmitting branch,
forms the total primary-branch impedance:

Zmain,i = RTx,i + jωLTx,i +
1

jωCTx,i
+ Zref,i (4)

All activated transmitting units are connected in parallel with
the common compensation network composed ofLlcc andClcc.
Therefore, they can be combined to form the total impedance
at the transmitting side, which can be expressed as:

ZTx,i = jωLlcc +

(
1

Zmain,i
+ jωClcc

)−1

(5)

On this basis, when the inverter supplies an AC driving volt-
age VSW to the system, the input current flowing into the ith
transmitting branch can be expressed by Equation (6), while the
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(a)

(b)

FIGURE 2. Schematic overview of the proposed power electronics system. (a) LCC-S equivalent circuit, (b) dual-mode power supply.

actual current through the transmitting coil is given by Equa-
tion (7):

If,i =
VSW

ZTx,i
(6)

ITx,i =
VSW − jωLlccIf,i

Zmain,i
(7)

Under the multi-channel excitation of the transmitter array,
the fundamental induced voltages at the receiver from the in-
dividual transmitting coils are linearly superimposed. Conse-
quently, the net induced response can be expressed as the pha-
sor summation of the magnetic coupling contributions. For an-
alytical simplicity, the coupling of the MTSR-WPT system is
equivalently characterized by defining an effective mutual in-
ductanceMeq for the active set A based on the individual mu-
tual inductanceMi:

Meq(A) =
∑
i∈A

Mie
jϕi (8)

where ϕi denotes the complex phase of the ith transmission
path arriving at the Rx. The magnitude and phase of the equiv-
alent mutual inductance Meq represent the effective coupling
strength and phase characteristics of the Tx array, respectively.
Based on the above definition of the equivalent mutual induc-
tance, the current at the Rx can be expressed as:

IRx =
jωMeq(A)

ZRx

∑
i∈A

ITx,i (9)

By neglecting minor losses such as core loss and switching
loss, and according to the principle of energy conservation, the
total input active power of the system is equal to the sum of the
copper losses in all transmitting branches, the active power dis-
sipation in the receiving circuit, and the output power delivered
to the load:

Pin =
∑
i∈A

|ITx,i|2 RTx,i + |IRx|2 RRx + Pload (10)

The output power at the load can be further expressed as:

Pload =
∣∣IRx

∣∣2 αRL (11)

The overall system efficiency is defined as the ratio of the
output power delivered to the load to the total input power of
the system. Based on this definition, the efficiency expression
of the MTSR-WPT system can be derived as follows:

ηmulti =
Pload

Pin
=

(
1 +

∑
i∈A |ITx,i|2 RTx,i

|IRx|2 αRL

+
RRx

αRL

)−1

(12)
Since the efficiency expression simultaneously involves both

transmitter and receiver currents, it is not conducive to an intu-
itive analysis of the MTSR-WPT system efficiency. To further
simplify the expression, the receiver current relation given in
Equation (9) can be substituted into the efficiency definition in
Equation (12), yielding:

ηmulti=

(
1+

|ZRx|2

ω2 |Meq|2 αRL

∑
i∈A |ITx,i|2 RTx,i∣∣∑

i∈A ITx,i

∣∣2 +
RRx

αRL

)−1

(13)
When the transmitter currents are assumed to have identical

amplitudes and phases, the current set can be expressed as:∑
i∈A

ITx,i = NITx (14)

At this stage, the efficiency of the MTSR-WPT system can
be expressed by Equation (15):

ηmulti ≃

1 +
(∑

i∈A RTx,i

) |ZRx|2

Nω2|Meq|2
+RRx

αRL


−1

(15)
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(a) (b)

FIGURE 3. Magnetic field characteristics and coupling performance of FPCB coils. (a) Magnetic induction profiles of circular and square coils along
theX-axis. (b) Coupling coefficient variation of FPCB coils under different curvature radii.

When the amplitudes or phases of the Tx currents are
non-identical, the system efficiency should be evaluated using
Equation (13). In practical operation, however, the current
ratios among the transmitting coils remain nearly constant,
and thus the efficiency can be primarily characterized by the
ratio between the equivalent transmitter resistance and the
effective mutual inductance. As indicated by Equation (12),
the efficiency is jointly determined by the Tx and Rx currents,
implying that activating more coils does not necessarily
improve efficiency. Although multi-coil excitation enhances
magnetic coupling, it also increases copper loss, introducing
additional dissipation. Accordingly, this relationship reveals
the fundamental coupling-loss tradeoff in system efficiency:
at any receiver position, the Tx coil combination with the
lowest ratio of equivalent loss to mutual inductance should
be preferred, rather than simply maximizing the total mutual
inductance or the number of active coils. Consequently, the
system efficiency is mainly governed by the relative proportion
of Tx copper loss and effective load impedance. Based on
this insight, Section 3 focuses on optimizing the coil geometry
to reduce losses and enhance power transfer performance in
implantable medical devices.

3. STRUCTURAL PARAMETER OPTIMIZATION AND
PERFORMANCE ENHANCEMENT OF COILS

As the key component responsible for energy coupling in WPT
systems, the coil’s geometric configuration and electrical pa-
rameters directly affect the transmission efficiency and oper-
ational stability of the system. At present, research on cou-
pling coils primarily focuses on the optimization of coil topol-
ogy and structural parameters [20, 21]. In response to the strin-
gent requirements for miniaturization and high efficiency in im-
plantable medical devices such as brain pacemakers, this study
systematically optimizes the design of the transmitting coil,
clarifying the objectives and methodology of coil optimization.

3.1. Geometric Design and Electromagnetic Characteristics of
Coils

Based on their spatial configurations, planar spiral coils can
be categorized into three-dimensional spiral coils and two-
dimensional planar coils. Considering the stringent constraints
on size, thickness, and packaging space in implantable medi-
cal devices, this study focuses on two-dimensional planar spi-
ral coils and compares two representative geometries: circu-
lar and square coils. Figure 3(a) illustrates the magnetic flux
density distribution along the diagonal direction and the corre-
sponding three-dimensional magnetic field maps. The results
indicate that, under identical characteristic dimensions and turn
numbers, the circular coil exhibits higher overall magnetic flux
density with a more uniform distribution and reduced fluctua-
tion compared to the square coil. This advantage is mainly at-
tributed to the higher geometric symmetry of the circular struc-
ture, which mitigates the magnetic field distortion and leakage
at corner regions, thereby achieving higher effective coupling
efficiency and more stable power transfer under the same ex-
citation conditions. Consequently, circular coils are more suit-
able for wireless power transfer systems requiring high mag-
netic field uniformity [22, 23].
To further investigate the effect of structural deformation

on the coupling performance, the magnetic coupling charac-
teristics between FPCB-based transmitting and receiving coils
with different curvature radii are analyzed through simulation,
as shown in Figure 3(b). The simulation data are fitted us-
ing a polynomial model with a coefficient of determination of
R2 = 0.99755 indicating excellent agreement. The 99% con-
fidence band and prediction band are also presented to validate
the reliability of the model under varying curvature conditions.
The results demonstrate that the coupling coefficient increases
significantly as the curvature radius decreases, suggesting that
moderate bending enhances the magnetic field concentration
and improves power transfer efficiency, while substantially im-
proving the mechanical flexibility and deformation adaptability
of the coupling structure [24].
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3.2. Optimization Objectives and Mathematical Modeling
After determining the coil geometry and material selection, the
subsequent optimization objective is to improve the overall sys-
tem performance, with particular emphasis on transmission ef-
ficiency and magnetic leakage control. Based on the previously
derived efficiency expression for the seven-coil array, the effi-
ciency at the resonant condition can be expressed as follows:

ZRx = RRx + αRL, RRx =
ωLRx

QRx
(16)

Here, the total impedance of the receiver, ZRx, is purely re-
sistive at the resonance point, andQRx denotes the quality fac-
tor of the receiver coil [25]. Further, let:

QTx,eq =
ωLTx,eq∑
i∈A RTx,i

, LTx,eq =
∑
i∈A

LTx,i (17)

Since all Tx units share identical materials and geometrical
structures, their equivalent self-inductances are approximately
uniform. For analytical convenience, they can be represented
by a single equivalent self-inductance LTx,eq , with a corre-
sponding quality factorQTx,eq . Based on this, the mutual cou-
pling between each Tx unit and the Rx, denoted as ki, as well
as the effective coupling coefficient keq , can be further defined
as:

ki =
Mi√

LTx,iLRx

(18)

k2eq =
|Meq|2

LTx,eqLRx
=

∣∣∑
i∈A ki

√
LTx,ie

jϕi
∣∣2

LTx,eq
(19)

When only a single transmitting unit is activated, substitut-
ing Equations (16)–(19) into the previously derived seven-coil
array efficiency expression Equation (15) yields:

ηmulti =

[
1 +

1

α

(
1

QTx,eqQRxk2eq

|ZRx|2

RLRRx
+

RRx

RL

)]−1

(20)
Clearly, the system efficiency increases significantly

with the growth of QTx,eqQRxk
2
eq . Therefore, maximizing

QTx,eqQRxk
2
eq constitutes the central objective of coil param-

eter optimization in this section. In the parameter optimization
process of this study, the objective function is defined as the
strong coupling coefficient ks:

ks = QTx,eqQRxk
2
eq (21)

Based on the abovemathematical modeling, the optimization
target for the coils has been identified as the strong coupling co-
efficient ks. In the following section, the focus will be on en-
hancing the array’s equivalent coupling capability and quality
factor through the optimization of geometric parameters, such
as coil radius, spacing, number of turns, and conductor width,
thereby achieving the goal of maximizing ks.

3.3. Influence of Key Geometric Parameters on Coupling Per-
formance
In the FPCB planar coil design, electromagnetic characteristics
are mainly determined by geometric parameters, including con-
ductor thickness, number of turns, trace width, and inter-turn
spacing. To evaluate power transfer performance for biomedi-
cal applications, multiple coil geometries are modeled and an-
alyzed using finite-element simulations at 100 kHz. This fre-
quency is commonly used in implantable wireless power trans-
fer systems, providing a balance among efficiency, tissue pen-
etration, and specific absorption rate (SAR) safety [26]. A rep-
resentative coil structure is shown in Figure 4.

FIGURE 4. Single-coil three-dimensional model of an array transmitter.

Common copper thicknesses for the FPCB coils are
0.018mm and 0.035mm. To investigate the effects of con-
ductor thickness and turn-to-turn spacing on coil performance,
simulations were conducted under the conditions of an outer
diameter of 6 cm, a trace width of 1mm, and 6 turns. The
results (Table 1 and Figure 5) indicate that increasing the
thickness from 0.018mm to 0.035mm results in nearly un-
changed self-inductance and mutual inductance, while the
resistance decreases significantly, demonstrating that a larger
copper thickness effectively reduces ohmic losses. Mean-
while, for the same turn-to-turn spacing, the strong coupling
coefficient of the 0.035mm thick coil is noticeably higher,
and this advantage becomes more pronounced as the spacing
decreases. Considering both the simulation outcomes and the
FPCB manufacturing limit (maximum thickness of 1 oz, i.e.,
0.035mm), a copper thickness of 0.035mm was selected as

FIGURE 5. Strong coupling coefficient of coils with different thick-
nesses.
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TABLE 1. Self-inductance, mutual inductance, and resistance of coils
with different thicknesses.

Coil
Thickness
(mm)

Turn
Pitch
(mm)

Self-inductance
(µH)

Mutual
Inductance

(µH)

Resistance
(mΩ)

0.018
0.2 3.524 1.329 857.14
0.4 2.182 0.937 387.45
0.6 1.381 0.604 221.9

0.035
0.2 3.513 1.325 477.38
0.4 2.181 0.93 210.94
0.6 1.378 0.597 124.08

the final coil thickness to balance manufacturing feasibility
and optimal efficiency.
Building upon the thickness optimization, the geometric ra-

tio parameters of the coil were further analyzed. Since planar
spiral coils are wound from a single conductor, altering the
turn-to-turn spacing alone while keeping the trace width con-
stant would change the coil curvature and consequently affect
its electromagnetic characteristics. To maintain geometric con-
sistency, a width-to-spacing ratio (the ratio of trace width to
turn-to-turn spacing) was introduced. When this ratio is fixed,
both the spacing and trace width are adjusted proportionally to
preserve a constant curvature. This approach ensures compara-
bility across coils with different structural parameters.
Further analysis indicates that the width-to-spacing ratio,

trace width, and number of turns are highly coupled: a smaller
width-to-spacing ratio allows for more turns, whereas a larger
ratio limits the number of turns. Together, these three param-
eters nonlinearly affect the coupling coefficient and transmis-
sion efficiency. To determine the optimal parameter combina-
tion, a multi-parameter cooperative optimization strategy was
employed. The coils were divided into five groups, A-E, ac-
cording to their width-to-spacing ratios (ranging from 3 to 7),
and each group was further subdivided by the number of turns
(6–14 turns). For example, in Group C (width-to-spacing ra-
tio of 5), subgroup C9 represents a 9-turn configuration. Using
the strong coupling coefficient as the optimization objective,
the trace width was scanned within each subgroup to determine
the optimal solution, and a global optimum was subsequently
obtained through inter-group comparison.
Taking Group C as an example, for a coil with an outer di-

ameter of 6 cm and an inter-turn spacing of 0.45mm, the trace
width is 2.25mm, and the inner diameter is 11.4mm. Due to
physical constraints, the inter-turn spacing was scanned within
the range of 0.2–0.45mm with a step size of 0.05mm, result-
ing in the geometric correspondences shown in Table 2. Fig-
ure 6(a) depicts the variation of the strong coupling coefficient
and transmission efficiency of the C9 coil as a function of the
inter-turn spacing, indicating that the efficiency reaches its peak
at 0.41mm. Figure 6(b) shows that the global optimum for
Group C occurs with the 14-turn coil, which achieves a trans-
mission efficiency of 5.87%. Further simulation results (Ta-
ble 3) reveal that reducing the width-to-spacing ratio enhances
both the strong coupling coefficient and the transmission effi-

TABLE 2. The correspondence between coil line width, inner diameter,
and turn spacing.

Turn Pitch
(mm)

0.2 0.25 0.3 0.35 0.4 0.45

Trace Width
(mm)

1 1.25 1.5 1.75 2 2.25

Inner Diameter
(mm)

38.4 33 27.6 22.2 16.8 11.4

TABLE 3. Optimal coil simulation results.

Optimal Parameters A B C D E
Number of Turns 9 14 14 13 14

Turn Pitch
(mm)

0.6 0.32 0.28 0.27 0.21

Coupling Coefficient 0.232 0.245 0.265 0.28 0.29
Transmission Efficiency

(%)
5.22 5.46 5.87 6.17 6.34

ciency. Among all groups, Group E (width-to-spacing ratio of
7, 14 turns) exhibits the best performance, with an efficiency of
6.34%.
Based on the simulation results from multiple groups, it can

be concluded that increasing the copper thickness effectively
reduces resistance and enhances the strong coupling coefficient,
while a proper selection of the width-to-spacing ratio and num-
ber of turns can further optimize the magnetic coupling and
transmission efficiency. Considering the FPCB manufacturing
limits and coil geometric constraints, the optimal geometric pa-
rameters determined in this study are summarized in Table 4:
copper thickness of 0.035mm, outer diameter of 6 cm, turn-to-
turn spacing of 0.21mm, trace width of 1.47mm, 14 turns, and
an inner diameter of 12.96mm, yielding the best overall perfor-
mance.

TABLE 4. Optimal parameters of the coil.

Thickness
(mm)

Outer
Diameter
(cm)

Turn
Pitch
(mm)

Trace
Width
(mm)

Number
of

Turns

Inner
Diameter
(mm)

0.035 6 0.21 1.47 14 12.96

4. MULTI-TRANSMITTER ARRAY FOR WIRELESS
POWER TRANSFER WITH MISALIGNMENT TOLER-
ANCE
In wireless power transfer for implantable brain pacemakers,
physiological body motion can cause spatial misalignment be-
tween the transmitting and receiving coils, leading to reduced
magnetic coupling, increased leakage inductance, and a signif-
icant drop in transmission efficiency [27–29]. To address this
issue, a MTSR-WPT system is developed based on the opti-
mized single-coil design and compared with a single-coil sys-
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(a) (b)

FIGURE 6. Influence of geometric parameters on coupling coefficient and transmission efficiency. (a) Relationship between coupling coefficient,
transmission efficiency, and inter-turn spacing. (b) Relationship between coupling coefficient, transmission efficiency, and number of turns under
different inter-turn spacings.

(a) (b)

FIGURE 7. Relationship diagrams of coil motion parameters and mutual inductance changes. (a) Diagram of the relationship between the lateral
movement of the coil and the corresponding change in mutual inductance. (b) Diagram of the relationship between coil rotation angle and corre-
sponding mutual inductance changes.

tem of equal area to evaluate improvements in misalignment
tolerance and magnetic field uniformity. In addition, a seagull-
optimized BP neural network combined with a fuzzy PID con-
trol algorithm is employed to enable receiver position identifi-
cation and adaptive output voltage regulation. The effective-
ness of the proposed approach is validated in the subsequent
experimental section.

4.1. Array Transmitter Modeling

In a multi-transmitter array, each transmitting element not only
couples with the receiving coil but also exhibits cross-coupling
with adjacent coils. Although such coupling may locally en-
hance the magnetic field, it also leads to power dispersion and
additional losses. To balance the effective coupling and cross-
coupling, the effects of the coil spacing and rotational angle are
investigated through electromagnetic simulations. The results
show that the mutual inductance is maximized under coaxial
alignment and decreases with increasing lateral misalignment,
following a “decrease-increase-decrease” trend [30]. When
the center-to-center distance is approximately 30mm, cross-
coupling is significantly suppressed, and the magnetic field dis-

tribution becomes most uniform, as shown in Figure 7(a). Fur-
thermore, a third coil is introduced to examine the effect of rota-
tional angle on mutual inductance, as illustrated in Figure 7(b).
The results indicate that a rotation angle of 60◦ yields a local
minimum in cross-coupling, demonstrating the effectiveness of
this configuration in reducing the electromagnetic interference
between coils.
Based on the aforementioned analysis, a seven-coil circu-

lar array structure was adopted (Figure 8). This configuration
consists of seven identical planar spiral coils, with one posi-
tioned at the center and six uniformly distributed around the
periphery at 60◦ intervals to form a symmetrical layout. The
center-to-center distance between the outer coils and the cen-
tral coil is 60mm, resulting in an overall array outer diame-
ter of approximately 120mm. This layout effectively reduces
cross-coupling and far-field leakage while maintaining a com-
pact structure. Furthermore, each transmitting unit is equipped
with independent excitation control, enabling adaptive adjust-
ment of the excitation combination according to the receiver
coil position. This allows for the dynamic optimization of mag-
netic field distribution and provides a structural foundation for
subsequent excitation strategies and control algorithms.
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FIGURE 8. Overhead view of the overlapping array transmitter.

4.2. Adaptive Excitation Strategy Based on Spatial Partitioning
After optimizing the geometric parameters of transmitting coils,
it is still necessary to consider the potential two-dimensional
translational offsets of the receiving coil during practical op-
eration. Relying solely on a static topological design is in-
sufficient to simultaneously achieve high energy transfer effi-
ciency and low magnetic leakage across all receiver positions.
Therefore, based on Equation (15) in Section 2, the ratio of the
transmitting-end equivalent mutual inductance to the equiva-
lent loss is defined as the Efficiency-Dominant Ratio (EDR):

Λ(A) =

∑
i∈A RTx,i

Nω2 |Meq|2
(22)

This ratio is used to characterize the overall trade-off be-
tween energy coupling strength and losses. At each offset po-
sition, the optimal combination of transmitting units is selected
by calculating the EDR to achieve a balance between efficiency
and safety [31]. Specifically, parametric simulations of the
magnetic flux density distribution at different positions of the
receiving coil within the same plane were conducted, leading
to the proposal and validation of a subregion activation strat-
egy that prioritizes leakage suppression while also considering
the energy transfer efficiency (as shown in Figure 9). The sim-
ulation results in Section 4.5 demonstrate that this strategy ef-

FIGURE 9. Correspondence between the receiver coil position and the
excitation scheme of the transmitting coils.

fectively minimizes unnecessary energy dispersion and signif-
icantly reduces far-field magnetic leakage, while maintaining
stable energy transfer. Using the coordinate origin O as a ref-
erence, the working plane is divided into five regions by con-
centric circles with radii of 7.5mm, 15mm, and 30mm. The
corresponding local excitation rules are described as follows:

a. Region 1 (radius ≤ 7.5mm): When the receiving coil ex-
hibits minimal offset, and the magnetic field is highly uni-
form, only the central coil (coil 1) is activated to achieve
efficient, localized energy transfer.

b. Region 2 (7.5–15mm annular band): This band is divided
into six 60◦ sector regions. When the receiving coil is lo-
cated at a sector boundary, adjacent coils are sequentially
activated in a counterclockwise direction. If the receiving
coil lies on the outer boundary of the annular band (e.g.,
x-axis offset of 10mm), it is recommended to primarily
activate coils 1, 2, 3, and 4 to balance coupling strength
and magnetic leakage control.

c. Region 3 (15–30mm annular band): Compared to Region
2, the sector divisions in this region are rotated by 30◦ in
angle. The optimal strategy for this region is to activate
three adjacent transmitting units (e.g., coils 1, 2, and 3
when the x-axis offset is 25mm) to enhance local coupling
and suppress far-field leakage.

d. Region 4 (30–60mm annular band): The division rules are
the same as those of Region 2. However, for larger offset
distances, it is recommended to activate two adjacent coils
(e.g., coils 2 and 3 when the x-axis offset is 45mm) to
balance transfer efficiency and magnetic leakage control.

e. Region 5 (within a 7.5mm radius around the center of each
transmitting sub-coil): If the receiving coil is located near
the center of any individual transmitting coil (e.g., y-axis
offset of 31mm falling within the coverage of coil 4), only
the corresponding sub-coil is activated to satisfy offset tol-
erance and safety requirements.

4.3. Receiver Coil Position Prediction
This subsection describes how the position of the receiving coil
can be estimated by measuring its output voltage. Based on the
derivations in Section 2, the mutual inductance between the two
coils directly affects several parameters in the receiver circuit.
Therefore, bymeasuring relevant parameters in the receiver cir-
cuit to obtain the mutual inductance and subsequently applying
Neumann’s formula [32], the relative position of the receiving
coil can be determined. Accordingly, the main tasks of this
subsection include establishing the relationship between mu-
tual inductance and the receiver position, as well as addressing
the nonlinear issues inherent in the corresponding equations.
According to Figure 2 and Equation (9), when phase control

is applied to ensure that the total phase arriving at the receiver
point from each transmitting path is consistent — i.e., when
the equivalent mutual inductance or induced voltage increases
linearly with the number of activated units — its Meq can be
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expressed as follows:

Meq(A) =
ZRx

jω

IRx∑
i∈A ITx,i

=
URx

jω
∑

i∈A ITx,i
(23)

where URx = ZRxIRx represents the alternating voltage at the
receiver end, as shown in the circuit diagram. From this, it can
be inferred that, when the receiver impedance ZRx is known,
under the condition of equal amplitude in-phase excitation, the
equivalent mutual inductance Meq can be calculated by mea-
suring the input current of each transmitting unit and the fun-
damental component of the output voltage at the receiver end,
as per Equation (23).
To more accurately predict the spatial position of the receiv-

ing coil, a three-dimensional Cartesian coordinate system is es-
tablished for this model. The center of the equivalent large
transmitting coil C1 (Coil A) is set as the coordinate origin (0,
0, 0), with a radius of r1. The center of the receiving coil C2

(Coil B) is designated as the coordinate (x, y, z), with a radius
of r2. The differential segment vectors of C1 and C2 are de-
noted as dl1 and dl2, respectively, as shown in Figure 10. The
coordinates (x, y, z) of the receiving coil are the unknown vari-
ables to be solved, and can be inferred by measuring the mutual
inductance between multiple transmitting coils and the receiv-
ing coil to determine the relative displacement of the receiving
coil with respect to the transmitting coils.

FIGURE 10. Geometric model of coil in three-dimensional coordinate
system.

The position vectors r1 and r2 of coilsC1 andC2 in Figure 10
can be expressed as Equation (24).{

r1(ϕ1) = (r1 cosϕ1, r1 sinϕ1, 0)

r2(ϕ2) = (x+ r2 cosϕ2, y + r2 sinϕ2, z)
(24)

The differential vectors dl1 and dl2 of C1 and C2 can be ex-
pressed as Equation (25).

dl1 = dr1
dϕ1

dϕ1 = (−r1 sinϕ1, r1 cosϕ1, 0)dϕ1

dl2 = dr2
dϕ2

dϕ2 = (−r2 sinϕ2, r2 cosϕ2, 0)dϕ2

(25)

According to the Neumann formula, the mutual inductance
between C1 and C2 can be expressed as Equation (26), where

µ0 is the permeability of free space.

Meq =
µ0

4π

∮
C1

∮
C2

dl1dl2
R

(26)

The spatial distanceR between the two differential segments
dl1 and dl2 is given by Equation (27). Substituting Equa-
tions (25) and (26) into (27) yields the mutual inductance of
the coils as shown in Equation (28).

R=

√
(r1 cosϕ1 − (x+ r2 cosϕ2))

2

+(r1 sinϕ1 − (y + r2 sinϕ2))
2
+ (0− z)

2 (27)

Meq=
µ0r1r2
4π

∫ 2π

0

∫ 2π

0

cos(ϕ1 − ϕ2)√
(r1 cosϕ1 − x− r2 cosϕ2)

2

+(r1 sinϕ1 − y − r2 sinϕ2)
2 + z2

dϕ1dϕ2 (28)

From Equation (28), it can be observed that the number of
transmitting units activated by the array transmitter varies with
the receiver’s position, and themutual inductance between each
transmitting unit and the receiving coil also differs, exhibiting
complex nonlinear characteristics. Since such nonlinear func-
tions are difficult to derive an explicit analytical expression for
using conventional mathematical methods, the relationship be-
tween mutual inductance and the receiver’s position is repre-
sented as shown in Equation (29):

Meq = F (x, y, z) (29)

To address the highly nonlinear coil positioning problem de-
scribed above, this paper introduces a BP neural network based
on the SOA for precise prediction of the receiving coil’s po-
sition. SOA performs global optimization by simulating the
dynamic behavior of seagull flocks during migration. Its opti-
mization mechanism mainly includes three constraints: avoid-
ing collisions between individuals, migrating towards the opti-
mal neighboring direction, and converging towards the global
optimum solution region. This migration and update process is
represented by themathematical model shown in Equation (30):

C = X ∗A,A = fc −
tfc

Maxiteration
, Ds =

∣∣Cs +Ms

∣∣ (30)
In implementation, the SOA is embedded into a BP neural

network to optimize the initial weights and biases, thereby im-
proving convergence speed and prediction accuracy. The input
vector is defined as xi = Mi (i = 1 ∼ 7), and the train-
ing data are obtained from the grid-labeled coupling platform,
as shown in Figure 15. The charging area covers 120mm ×
120mm, within which two sampling points are randomly se-
lected in each grid cell, yielding a total of 128 data sets. Among
them, 88 samples are used for training and 40 for testing. At
each sampling point, the receiver voltage, input current, and
output power are measured under identical system parameters,
and the grid coordinates of the platform are used as position la-
bels. The training objective is to minimize the error between
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(a) (b)

FIGURE 11. Comparison between predicted and actual values of SOA-BP neural network.

the predicted and actual coordinates, with a standard deviation
constraint incorporated into the loss function as follows:

σ =

√√√√ 1

N

N∑
i=1

(
xi −

1

N

N∑
i=1

xi

)2

(31)

The prediction results are shown in Figure 11, where the
SOA-BP model exhibits close agreement with the measured
values, indicating high fitting accuracy. To further evaluate
the spatial generalization capability, the Euclidean distance be-
tween the predicted points and the ground-truth positions is
calculated, and a three-dimensional error surface is plotted, as
shown in Figure 12.

FIGURE 12. Prediction errors before and after SOA optimization.

The results indicate that the error distribution is concentrated
and smooth, demonstrating stable prediction performance of
the SOA-BP model over the entire operating region. Quantita-
tive analysis shows that SOAoptimization significantly reduces
prediction dispersion in all directions: the standard deviation
along the x-axis decreases from 2.564mm to 0.535mm, along
the y-axis from 2.006mm to 0.671mm, and under simultane-
ous x-y offsets from 1.883mm to 0.441mm. Compared with
the conventional BP neural network reported in [33], the SOA-
BP model achieves superior convergence speed and prediction
accuracy, thereby validating the effectiveness and robustness
of the proposed position prediction method.

FIGURE 13. Flowchart of the fuzzy PID adaptive control system.

4.4. Fuzzy PID Adaptive Control Strategy
Tomitigate output voltage fluctuations under dynamic coupling
conditions, this paper proposes a fuzzy logic-based adaptive
PID controller that enables rapid compensation for nonlinear
disturbances while ensuring stable steady-state regulation [34].
The fuzzy PID control scheme consists of five stages: error ac-
quisition, fuzzification, rule-based inference, defuzzification,
and adaptive parameter updating. The overall architecture of
the control system is illustrated in Figure 13. The controller
takes the output voltage error e(t) and its rate of change ec(t)
as inputs, while the phase-shift angle α of the primary-side in-
verter serves as the control output. The PID gains Kp, Ki and
Kd are adaptively tuned via a fuzzy inference system (FIS), and
the resulting control law can be expressed as:

u(k) = Kp(k)e(k) +Ki(k)

k∑
i=0

e(i) +Kd(k)
de(k)

dt
(32)
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(a) (b)

FIGURE 14. Magnetic flux density distributions under different misalignments. (a) Magnetic field distribution at x-axis offsets of 15mm. (b)
Magnetic field distribution at x = 30mm.

FIGURE 15. Experimental model of the proposed coupling mechanism.

The initial gains Kp0, Ki0, Kd0 are tuned based on the lin-
earized system model, while the incremental termsKp,Ki,Kd

are updated online by the fuzzy inference system. Both input
and output variables are partitioned into five fuzzy subsets-NB
(negative big), NS (negative small), ZO (zero), PS (positive
small), and PB (positive big)-with symmetric triangular mem-
bership functions to ensure smooth parameter transitions. The
fuzzy rules are designed as follows: when the error e is large (in
the PB or NB regions), the proportional gainKp is increased to
enhance the dynamic response, whereas the integral gainKi is
reduced to prevent integral windup. When the error rate ec is
large, the derivative gainKd is appropriately increased to sup-
press rapid voltage fluctuations and overshoot. As the system
approaches steady state, Kp and Kd are gradually decreased
whileKi is increased, thereby improving steady-state accuracy
and enabling smooth convergence. Through this rule-based
adaptive tuning, the proposed controller maintains efficient and
stable power transfer performance under variations in coupling
coefficient or load conditions.

4.5. Comparative Evaluation of Magnetic Field Distribution and
Power Transfer Stability
Following the validation of the position prediction method, it is
combinedwith themulti-transmitter coil excitation strategy and
compared with the scheme reported in [35], which uses a large

transmitter coil to cover the entire charging area, to evaluate
performance differences in implantable wireless power trans-
fer. Accordingly, a single-coil model is established based on
the parameters in Table 5 (with the receiving coil kept identi-
cal), and finite-element simulations are performed to analyze
the magnetic field distribution and leakage characteristics of
both configurations under various lateral misalignment condi-
tions.

TABLE 5. Shape parameters of a single large coil.

Thickness
(mm)

Outer
Diameter
(cm)

Turn
Pitch
(mm)

Trace
Width
(mm)

Number
of

Turns

Inner
Diameter
(mm)

0.035 12 0.21 1.47 28 25.92

Two typical scenarios with lateral offsets of 15mm and
30mm along the x-axis are selected for comparison, and the
corresponding magnetic field distributions are shown in Fig-
ure 14. The results indicate that a large transmitter coil struc-
ture can extend the transmission distance and improve align-
ment tolerance, but the magnetic flux distribution is rela-
tively dispersed, leading to stronger leakage fields and po-
tential electromagnetic exposure risks. In contrast, the pro-
posed MTSR-WPT system achieves local magnetic field con-
finement through sectional excitation, maintaining high cou-
pling strength while significantly suppressing far-field leakage.
Furthermore, using the same efficiency derivation method as
for the MTSR-WPT system, its mechanism can be analyzed as
expressed in Equation (33):

ηsingle =

(
1 +

RTx
|ZRx|2
ω2M2 +RRx

αRL

)−1

(33)

It can be observed that as lateral misalignment increases, the
mutual inductance M of the single-coil system drops rapidly,
causing the term (RTx|ZRx|2)/(ω2M2) to increase signifi-
cantly and the transmission efficiency to decrease. Maintaining
the output then requires higher excitation current, which in turn
increases leakage fields. In contrast, the proposedMTSR-WPT
system activates only 1–4 sub-coils near the receiver, keeping
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FIGURE 16. Control logic diagram of the MTSR-WPT system.

the equivalent mutual inductance Meq relatively high at offset
positions. Meanwhile, copper losses increase linearly, and the
EDR is substantially reduced, resulting in superior efficiency
and safety compared with the single-coil system. This repre-
sents a key advantage for implantable medical applications.
This behavior can be further explained from the perspective

of magnetic flux superposition. When a subset of the transmit-
ting units in the array is selectively activated, the total mag-
netic flux density at the receiver can be expressed as the vector
summation of the magnetic fields generated by the individual
coils [36]:

Btot(r) =

n∑
i=1

Bi(r) (34)

Here, Bi(r) denotes the magnetic field at point r generated
by the ith Tx coil, which is proportional to its current ITx,ie

jϕi .
Accordingly, the system’s effective mutual inductance can be
defined as:

Meq(A) =
1∑N

i=1 ITx,iejϕi

∫
SR

Btot(r) dS (35)

Equation (35) shows thatMeq depends on the superposed Tx
magnetic fields over the receiver area SR, weighted by current
amplitudes and phases. By activating only Tx units near the Rx,
the system locally reinforces the magnetic field, enabling dy-
namic field reconfiguration. When the Rx shifts, neighboring
coils are activated to maintain continuous coverage and prevent
abrupt mutual inductance drop. Compared to a single-coil sys-
tem, this approach stabilizes coupling and ensures safer, more
reliable wireless power for implantable medical devices.

5. EXPERIMENTAL VERIFICATION
To validate the proposed FPCB-based small-coil-array MTSR-
WPT system and the position-prediction-based adaptive excita-
tion strategy, an experimental platform is established, and key
performance metrics are evaluated. The overall control archi-
tecture is shown in Figure 16. Seven transmitting units are se-
quentially activated for initial excitation, after which an SOA-
BP neural network combined with a fuzzy PID controller per-

forms receiver position estimation and adaptive voltage regu-
lation. The resulting control signals drive transmitter selection
and phase-shift modulation to achieve accurate target-coil exci-
tation. The control logic is implemented using two cooperative
MCUs, enabling efficient and robust wireless power transfer
under misalignment conditions.
Based on the above system framework, an experimental plat-

form is constructed as shown in Figure 17. The system mainly
consists of MCUs, a DC power supply, transmitter circuits,
a coupling structure, receiver circuits, and an electronic load.
The coupling structure, shown in Figure 15, is fabricated from
FPCB using polyimide (PI) as the insulating substrate.

FIGURE 17. Main parameters of the experimental platform.

The control system employs two ESP32-S3-N16R8 micro-
controllers: one runs the SOA-BP neural network model for re-
ceiver coil position detection, while the other executes a fuzzy
PID algorithm for output voltage regulation. Both collaborate
in controlling the switches of the transmitter units and commu-
nicate wirelessly via the ESP-NOW protocol.
At the receiver, an MB10S-50MIL bridge rectifier converts

AC signals, and an RK8510C electronic load provides constant-
resistance testing. Output voltage and current are measured
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TABLE 6. System parameters.

Parameter Name Value Parameter Name Value

Us (V) Supply Voltage 12 C7 (nF) Series Compensation Capacitor of Coil 4 279.3
f (kHz) Operating Frequency 100 C9 (nF) Series Compensation Capacitor of Coil 5 271.9
RL (Ω) Load Resistance 10 C11 (nF) Series Compensation Capacitor of Coil 6 279.4
CL (µF) Filter Capacitance 100 C13 (nF) Series Compensation Capacitor of Coil 7 274.5
L11 (µH) Inductance of Coil 1 10.61 C2 (nF) Parallel Compensation Capacitor of Coil 1 1361.8
L12 (µH) Inductance of Coil 2 11.35 C4 (nF) Parallel Compensation Capacitor of Coil 2 1347.4
L13 (µH) Inductance of Coil 3 11.24 C6 (nF) Parallel Compensation Capacitor of Coil 3 1340.3
L14 (µH) Inductance of Coil 4 10.95 C8 (nF) Parallel Compensation Capacitor of Coil 4 1347.6
L15 (µH) Inductance of Coil 5 11.14 C10 (nF) Parallel Compensation Capacitor of Coil 5 1391.8
L16 (µH) Inductance of Coil 6 10.97 C12 (nF) Parallel Compensation Capacitor of Coil 6 1319.4
L17 (µH) Inductance of Coil 7 11.14 C14 (nF) Parallel Compensation Capacitor of Coil 7 1333.6
C1 (nF) Series Compensation Capacitor of Coil 1 289.8 L2 (µH) Inductance of Receiver Coil 11.52
C3 (nF) Series Compensation Capacitor of Coil 2 267.1 C15 (nF) Compensation Capacitor of Receiver Coil 219.4
C5 (nF) Series Compensation Capacitor of Coil 3 270.9

(a) (b)

FIGURE 18. Output waveforms at zero x-axis offset: (a) Transmitter-side current and voltage; (b) Receiver-side current and voltage.

using a RIGOL MSO5104 oscilloscope and RP1001C current
probe, respectively. A VICTOR 4090C digital LCR meter is
used to measure key parameters of the coupling structure. The
main system parameters are listed in Table 6.
As illustrated in Figure 18(a), when the receiving coil is lo-

cated in Region 1 and only the central transmitting unit acti-
vated, the rms value of the transmitter current is 3.41A, repre-
senting a reduction of approximately 38% compared with the
5.52A required by a large single-coil transmitter. Meanwhile,
the equivalent series resistance of the large coil is 2.765Ω,
whereas that of the small coil is only 0.725Ω, indicating a
substantial advantage in copper loss. Therefore, employing a
size-matched FPCB-based small-coil array effectively reduces
transmission losses and improves overall system efficiency.
Figure 18(b) presents the rectifier input waveform at the re-

ceiver under single-coil activation. The current effective value
is 0.37A, the output voltage effective value is 5.012V, and the
total transmitted power is 1.52W. At a coupling distance of
20mm, the DC-DC conversion efficiency is 9.2%.

As shown in Figure 19, when the receiving coil is located
in Regions 2 and 3, the input current of the transmitter-side
compensation network exhibits different distribution character-
istics. When all four transmitting units are simultaneously acti-
vated, the total rms current reaches 8.103A, which is consistent
with the reference result obtained using a single large coil. The
equivalent series resistances of the four transmitting coils are
0.642Ω, 0.672Ω, 0.768Ω, and 0.714Ω, respectively. Owing to
the absence of an impedance-matching network and the dissipa-
tion of part of the power in the driving and control modules, the
overall DC-DC efficiency decreases to 6.2%. As the number
of activated coils increases, the energy transfer paths become
more complex, leading to additional losses. Further analysis in-
dicates that when the receiving coil moves along the x-axis into
Region 3 and triggers three-coil activation, the transmitter cur-
rent increases markedly, suggesting that an uneven power dis-
tribution can induce current surges. Therefore, in practical de-
signs, increased copper thickness is recommended to suppress
thermal rise and prevent structural degradation.
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(a) (b)

FIGURE 19. Waveform diagram of current output at the transmitter. (a)X-axis displacement: 15mm, (b)X-axis displacement: 30mm.

(a) (b)

FIGURE 20. Waveform diagram of current and voltage output at the receivier (a)X-axis displacement: 15mm, (b)X-axis displacement: 30mm.

FIGURE 21. Experimental results of output voltage at the moment of
launch unit switching.

Figure 20 presents the input waveforms of the receiver-side
rectifier under four-coil and three-coil activation conditions, re-
spectively. The results show that the rms values of both voltage
and current are nearly identical to those obtained under single-
coil activation, confirming that the fuzzy PID controller effec-
tively stabilizes the output voltage through phase-angle regu-
lation. Consequently, the proposed system maintains robust
and stable operation under both multi-transmitter switching and
steady-state conditions in the MTSR-WPT configuration.
The load-end voltage output is shown in Figure 21. It can

be observed that at the moment of transmitter unit switching,
the output voltage at the receiving end drops suddenly from
a steady state of approximately 5.0V to about 4.1V, and then
recovers to the steady state after approximately two cycles of
decaying oscillations. This transient is caused by the sudden
change in the transmitting end’s equivalent impedance ZTx,i

and equivalent mutual inductance Meq during switching (see
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Equations (4)–(7) and (9)), leading to an instantaneous redistri-
bution of the transmitting and receiving currents. At the same
time, the LCC-S compensation loop and the energy storage el-
ements of the coil generate free oscillations during the energy
redistribution process, with the damping determined by the sys-
tem’s resistance. Eventually, the system returns to the target
voltage level after the controller reestablishes the new steady-
state conditions. This demonstrates that the multi-coil coupling
model designed in this paper is capable of maintaining rela-
tively stable output power even under offset conditions.

6. CONCLUSION
This paper addresses the efficiency and safety challenges of
WPT systems for implantable medical devices by proposing
and validating a FPCB-based MTSR-WPT system. A theo-
retical model is developed to analyze the constraints of the
coupling coefficient and quality factor on transmission effi-
ciency, which guides the optimization of coil structures. Using
finite-element simulations and equivalent circuit analysis, an
array topology with sectional excitation is designed to concen-
trate the magnetic field under two-dimensional misalignment
while effectively suppressing far-field leakage. To tackle mu-
tual inductance nonlinearity and position uncertainty, a SOA-
BP is employed for receiver coil position prediction, coupled
with fuzzy PID control for adaptive voltage regulation, ensur-
ing robust and stable operation under misalignment and distur-
bances. The experimental results demonstrate that the proposed
system maintains flexibility while significantly enhancing the
power transfer efficiency and reducing the leakage fields. Fu-
ture work will focus on improving the FPCB array fabrication
for miniaturization and integration, optimizing the excitation
current distribution in the transmitter array, and extending the
system to biomedical simulation environments in compliance
with IEC/IEEE. This will enable systematic analysis of elec-
tromagnetic exposure, tissue heating, and SAR under various
power conditions, providing a foundation for the development
of clinically viable wireless power systems.
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