7004

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

3-D Wireless Power Transter With Orthogonal
Transmitters and Adaptive MPC-MPPT

Zhenxing Ye

, Student Member, IEEE, Ka Wai Eric Cheng

, Fellow, IEEE, Ka Wing Chan”, Member, IEEE,

and Siu Wing Or

Abstract—This article presents a three-dimensional wireless
power transfer system that uses three transmitting coils oriented
in orthogonal directions and an adaptive model predictive control
(MPC) strategy that incorporates maximum power point tracking
(MPPT). The framework combines MPC’s predictive optimization
and MPPT’s efficiency-seeking behavior, which simultaneously op-
timizes power tracking accuracy, system efficiency, and current
distribution, while maintaining zero-voltage-switching operation.
The dynamic weight-adjustment mechanism alters the weights
of competing objectives automatically and based on the current
operational conditions. The system model indicates that power
distribution in 3-D space fits a Lemniscate of Bernoulli surface
revolved about its longitudinal axis, so the rotational Lemniscate
of Bernoulli surface is important to the control design. The exper-
imental results presented in this article show up to 20% increased
efficiency at 40 cm transmission distance, and a peak efficiency of
87% at 60 W and at 40 cm X 40 cm X 40 cm charging volume. The
framework provides stable power delivery while the receiver is in
motion, making it appealing for applications that require spatial
freedom, including mobile robots and bio-inspired aerial vehicles.

Index Terms—Adaptive control, maximum power point tracking
(MPPT), model predictive control (MPC), wireless power transfer
(WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) systems based on mag-
W netic resonance coupling have shown significant poten-
tial in various applications, from consumer electronics charging
to electric vehicle powering [1], [2], [3]. A critical challenge
in WPT systems lies in maintaining optimal power transfer
efficiency while ensuring stable power delivery, particularly in
three-dimensional (3-D) space where coupling conditions vary
continuously [4], [5], [6], [7], [8]. This challenge becomes more
pronounced in applications such as bio-inspired micro aerial
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vehicles, where the power receiver’s position and orientation
change dynamically during operation.

A critical challenge in three-dimensional wireless power
transfer (3-D-WPT) systems lies in maintaining optimal power
transfer efficiency while ensuring stable power delivery, par-
ticularly in three-dimensional space where coupling conditions
vary continuously [9], [10], [11]. Without effective control op-
timization, efficiency variations can exceed 30% as receivers
move freely within the charging volume. This is especially
problematic for applications requiring consistent power delivery
despite spatial movement, such as mobile robots, biomedical
implants, and bio-inspired aerial vehicles [12], [13], [14].

Several approaches have been proposed to address the chal-
lenges in 3-D-WPT systems. One common solution involves
utilizing specialized compensation networks to improve cou-
pling robustness [15], [16], [17]. However, these passive ap-
proaches cannot adapt dynamically to rapid position changes
and often result in suboptimal efficiency across the charging
volume. Other researchers have explored multicoil arrays to
enhance spatial coverage [18], [19], [20], but these typically re-
quire complex switching mechanisms and suffer from significant
cross-coupling interference. Dome and cavity-based structures
[21] offer another approach, providing omnidirectional charging
capability but with limited efficiency at longer distances.

Control strategies have also been investigated to optimize
WPT performance in dynamic environments. Model predictive
control (MPC) has demonstrated advantages in managing WPT
systems by anticipating coupling variations [22], [23], [24],
while maximum power point tracking (MPPT) techniques have
been applied to maximize efficiency under varying conditions
[25], [26]. However, these approaches have primarily been im-
plemented separately, focusing either on power regulation or
efficiency optimization, but rarely addressing both simultane-
ously in 3-D applications.

Recent developments in magnetic field projection and current
phase control [27] have provided new methods for shaping
magnetic fields in 3-D space, but these typically require precise
receiver position information, which is challenging to obtain in
practical applications. Similarly, sensing intermediate coils have
been proposed for receiver position identification [28], but these
approaches increase system complexity and cost.

As shown in Fig. 1, this article implements the proposed
control strategy on a 3-D-WPT system featuring three square-
shaped transmitting coils (Coil A, Coil B, and Coil C)
positioned orthogonally along the x, y, and z axes, creating
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Fig. 1.
WPT.

Schematic diagram illustrating the fundamental principles of 3-D-

a three-dimensional magnetic field distribution. This arrange-
ment, coupled with a circular receiving coil, enables power
transfer with six degrees of freedom within the charging volume.
While the physical structure provides the foundation, the core
contribution of this work lies in the development of an advanced
control strategy that optimizes the operation of this multicoil
system.

This article presents a novel control approach for 3-D-WPT
systems that integrates adaptive MPC with MPPT capabilities.
The key contributions include the following.

1) Development of a system architecture using three-square
transmitting coils orthogonally spaced to construct a con-
trollable three-dimensional magnetic field distribution,
allowing the receiver to transfer power from all positions
and directions within the charging volume.

2) Implementation of a control scheme combining MPC with
MPPT, while simultaneously handling both power regu-
lation and efficiency improvement to alleviate the short-
comings of traditional controllers from varying conditions
of spatial coupling in the charging case.

3) Creation of a cost function parameterized to allow for
the objective of efficiency improvement, power tracking
accuracy, and switching conditions resulting in multiple
objectives to be optimized by J(k).

4) Ability to automatically adjust the weight coefficient val-
ues of the cost function wy(k), we(k), and ws(k)that
relates to the operational state. It allows to prioritize power
tracking if insufficient power is generated and ensure is has
zero-voltage-switching (ZVS) condition under any time
switching condition identified by auto-wake conditions.

II. PROPOSED SYSTEM AND CHARGING ANALYSIS

This section presents a comprehensive analysis of the pro-
posed 3-D-WPT system, focusing on its unique configura-
tion, operating principles, and mathematical characterization of
power distribution in 3-D space.

A. System Configuration and Circuit Analysis

The proposed 3-D-WPT system consists of three mutually
orthogonal square-shaped transmitting coils (aligned along the

7005

x-, y-, and z-axes) and a circular receiving coil with arbitrary
orientation in three-dimensional space. Each transmitting branch
employs a series-series compensation topology, as illustrated in
Fig. 2.

Fig. 2 illustrates the comprehensive schematic of the proposed
3-D-WPT system. The system architecture consists of three
independent inverter circuits (Inverters A, B, and C) that drive
three orthogonally arranged transmitting coils (Coils A, B, and
C). Each inverter utilizes four MOSFETs (S1-S12) controlled
by dedicated drivers. The power transmission is regulated by
a DSP controller (TMS320F28335) that processes feedback
from voltage and current sensors through ADC channels. The
transmitting coils generate a 3-D magnetic field that energizes
the receiving circuit, which includes a tuned resonant network
(L« and Cy), rectification circuit (Q1—Q4), and output filtering
(Co) that delivers power to the load ([po.q). This configura-
tion enables efficient wireless power delivery regardless of the
receiver’s orientation in 3-D space.

Fig. 3 presents the equivalent circuit model of the 3-D-WPT
system. In this model, the three transmitting branches are repre-
sented by their respective voltage sources (U4, Up, Uc), series
compensation capacitors (Cy 4, Ciz 4, Cizc), transmitting coils
(Liz A, LizB, Liac) with their associated resistances (R4, Rpg,
R¢), and the mutual inductances (M4, Mp, M¢) coupling
to the receiving coil. The receiving circuit is composed of
the receiver inductance (L), resonant capacitor (C'.,.), coil
resistance (Rp;), and the equivalent load resistance (Rygaq)-
The circuit model enables precise analysis of the system’s power
transfer capabilities in three-dimensional space.

The fundamental harmonics approximation method is used to
analyze the proposed WPT system. The fundamental component
of the output voltage of the inverter is given as

2v/2
U = V2

Udcsin%éoo,i = A B,C )
where ¢4, ¢p, and ¢c are the phase-shift angles for each
transmitting branch, serving as the primary control variables
for optimizing power transfer.

The equivalent rms value of the rectifier input voltage U,.,
can be described as

2v/2

Uyp = \/> Uy (2)
m

where Uy is the output voltage on the load. R, is the input

equivalent load of the rectifier that can be derived as

8

Reg = — Rr. 3
eq 2 L ( )
Using complex phasor representation, the circuit equations

are as

Ua ZizA 0 0 JwMa | |1Tiza
Up| _ 0 ZtaB 0 JwMp| |Iixp @)
Uc 0 0 Zizo  JwMc| | lizc

0 j(JJMA jwMB jwMC ch I.,-w

where Ztmi = jWLta:i + 1/jwctmz + Ri, Z’I“ZL’ = jWLr:n +
1/jwCry 4 Ryg + Req.
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Inverter C A

Transmitter side Circuit

Fig. 2. Proposed schematic of the 3-D-WPT system.

Fig. 3. Equivalent circuit of the 3-D-WPT system.

1/ VLtzCrz = 1/VLuCros,

At resonant frequency w =
these equations simplify to

UA RA O 0 jwMA ItwA
Up| _ 0 Rp 0 JwMp LB
Uc| | O 0 Rc JwMc Lizc
0 jWMA jWMB jWMC Rz + Rroad Iy
)

The three transmitter coils are fed with ac current sources
Liza, Iy, and I;,c through current control at the same
frequency that defines the rotating frequency of the resultant
magnetic field. For genuine omnidirectional WPT, nonidentical
current control must be adopted [6], [11], [12]. Based on the
current amplitude control [12], the three currents in the three
transmitter coils are set as

Tiza Isinfcosp
Li,p| = | Isinfsiny (6)
Lizo I cosf

where 0 and ¢ are the angles related to the resultant current
vector in a spherical coordinate system, as shown in Fig. 4, and
I is a sinusoidal time function.

This representation is particularly well suited for omnidirec-
tional WPT, since the (sinfcosp)? + (sinfsing)” + (cosf )* =
1, enabling true omnidirectional power transfer capability. The
current representation in spherical coordinates offers signifi-
cant control advantages: simplifies the optimization process by
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Fig. 4. Amplitude modulation description of current I+, 4, I+, and I,

reducing control dimensionality; provides intuitive directional
control of the magnetic field; enables efficient exploration of
the entire 3-D space through systematic variation of 6 and ¢;
and facilitates the implementation of adaptive control strategies
based on receiver position.

B. Mutual Inductance Analysis in 3-D Space

To characterize the six-degree-of-freedom coupling with
fidelity suitable for control synthesis, a three-dimensional
magneto—quasi-static finite-element model was constructed to
mirror the prototype geometry, winding arrangement, and mate-
rial properties. At the operating frequency of 85 kHz, each of the
three orthogonal transmitter coils was excited individually with
aunit sinusoidal current while the receiver coil was scanned over
the defined workspace in position and orientation; the resulting
flux linkage was extracted to compute the mutual inductance
field. The spatial map reported in Fig. 5 is directly obtained
from this dataset after routine mesh-refinement and domain-size
sensitivity checks confirmed numerical convergence; the mutual
inductance values show a nonlinear fluctuating structure with the
change of coil attitude or position. The mutual inductance values
range from 0.9 to 4.8 ©H. This physics-based map serves as the
ground truth for subsequent controller-oriented approximation.

Based on the current simulation results, the data will be
analyzed and fitted to derive a spatial distribution function for
the mutual inductance between the square transmit coil and
the circular receive coil. The mutual inductance distribution
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Fig. 5. Mutual inductance distribution of transmitter-receiver coils in three
dimensions. (a) M4 (z,y, z). (b) Mp(z,y, ). (c) Mc(z,y, z).

function is approximated by the following formula:

AM

MA (il?/y,Z) = MO +

a1 Rgqa(P1,Py)-ag
1+e AM
Mp (x,y,z) =My + 1+e(a1quB<P1)P2)*a2) ’
o AM
Mc (z,y,2) = My + 1+e(a1quc(P1,P2>—az)

x =rsinfcosy
y=rsinfsinp
z =rcosd

z? +y2 + 22=r

)

2

where (P, P») are two coordinate variables in the projection
plane, Ryapc (Pr, P2)= (|P1— P|"+|P— P|")"",
P. = 20 is the center of each face, Myis the base mutual
inductance value 0.9, AM is the amount of mutual inductance
variation 3.9, oy and «ap are the variation excess parameters
0.7 and 16.5 respectively, and n is the shape parameter 4, r
is the distance from point O to the center P of the receiving
coil. Equation (7) is derived as a compact surrogate of the
FEM-generated mutual inductance field through normalization
and parametric approximation, with the explicit aim of provid-
ing a differentiable, low-complexity representation amenable to
real-time optimization. The constants 0.9, 3.9, 0.7, and 16.5 are
identified by a weighted nonlinear least-squares procedure over
the FEM samples; they reflect, respectively, amplitude scaling,
axial anisotropy, radial decay shaping, and the far-field transi-
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Substituting the spherical coordinate system current expres-
sion gives

jwlI (M 4sinfcosy + M psinfsing + Mccost)

Irz = -
Ry + Reg
©)
The load power can be calculated as
Hoad = ‘Ir:z:‘Q Req
w2 1% Req(M asinfcosyp + M psinfsing + Mccosﬁ)
(Rpw + Req)
(10)

This power expression can be further expanded and simplified
using trigonometric identities (11) as shown at the bottom of this
page, where

Mc
\/W sin (arctan e+ <p>
2 [(Mfl + M%) sin? (arctanMA + <,0) + Mz}
(Rys + Reg)’ :

Y3p = arctan (12)

Ksp (¢) =

(13)

Power distribution can be characterized by its maximum and
minimum values. The maximum power condition occurs when

My
arctan— +p =

d 0 =— 14
My 3 " and ysp + (14)

Under these conditions, the maximum load power is
-Ploadmux = I2 KBDReq~ (15)

The minimum power condition occurs when y3p +60 = 0,
resulting in
-Ploadm;n = 0. (16)
The output power is

Pout = I2, Ry + I2, Rey = I? Ry + ReqK3pipsin®ysp + 6.

tion scale inherent to the coil geometry. The above-mentioned a7
equation describes the general mutual inductance trend from The total input power of the system is
the square transmitting coil to the circular receiving coil by the
projection method, and the analysis helps to characterize the P, = Z 2R + 17, (Reg + Reg) . (18)
coupling relationship effectively at different positions. i=A,B,C
When R4 = Rp = Rc = R, the input power is
g. Power Distribution and Analysis of the Proposed 3-D-WPT P,=1?R+1T? (Ryz + Req) Kb () sin? (vsp +6). (19)
ystem
. The input power is at the maximum value condition
At the resonant frequency, the current at the receiving end can
be expressed as Py, =1 2R+ I’Ksp (Rrz + Req) - (20)
jw Under the minimum value condition is
Ly = —————F— (Maly; Mgl,, Mclico). (8
er+Req( AtA+ BtB+ CtC) () -Pinmi“:I2R~ (21)
w?I?Req ((ME1 + M%) x sin? (arctan +<p) sin?0+ M2 cos 9) , ,
Pioad = = I ReqK3p () sin® (y3p +0) (11)

(Rm’ +Req)
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This comprehensive mathematical characterization of power
distribution provides the theoretical foundation for develop-
ing advanced control strategies that can navigate this three-
dimensional power landscape to achieve optimal performance
regardless of receiver position.

III. ADAPTIVE MPC STRATEGY WITH INTEGRATED MPPT

This section develops an adaptive MPC method that integrates
MPPT, improving efficiency, stabilizing load power, and sus-
taining the ZVS margin. The controller leverages the resonant
equivalent model as a practical constraint for feasible operation.
In physical pursuit of determining a suitable short-term physical
predictive task, a spherical candidate set of maneuvers is used for
directional alignment and phase alignment coupled with mode
shape representing positions. This will materialize into con-
sistent determination of “magnetic field orientation-phase-shift
modulation-power/efficiency-soft-switching” despite unknown
poses and rapid coupling transitions.

A. Implementation of MPC

In the proposed MPC framework, the system states at a
discrete time step k are defined as the vector

x (k) = [Itza (k) Ltz (k) , Ltzc (k) , 0 (k) , ¢ (k)]T

which includes the currents of three transmitting coils and two
angular parameters in the spherical coordinate system. The
control variables are defined as the phase shift angles of three
inverters

(22)

u (k) = [pa (k)¢5 (k) , ¢c (k)]

and the system outputs include load power and transmission
efficiency

(23)

y (k) = [Boaa (k) ;0 (k)]

According to the circuit relationships analyzed in Section II,
there exists a clear mapping between inverter phase shift angles
and coil currents

(24)

lies (8) = 2% singy () i = A4,B.C.

These currents can simultaneously be represented as direc-
tional vectors in the spherical coordinate system

(25)

Lz a (k) Isin@ (k) cos g (k)
Lizp (k)| = | Isind (k)sine (k) (26)
Iizce (k) Icosf (k)

where I represents the magnitude of the current vector. This
representation establishes a bidirectional mapping from control
variables u(k) to spherical coordinate angles 6(k) and ¢(k),
providing the mathematical foundation for the MPC prediction
process.

The core of the MPC algorithm is to predict system behavior
within both the prediction horizon N, and the control horizon
N,, At time step k+i (where i = 1, 2, ..., N,,), MPC needs to

calculate the predicted outputs {y(k + z)}fvi , under candidate
control sequences {u(k + i — 1)} |. The prediction process
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first converts candidate control variables u(k + ¢ — 1) to corre-
sponding 0(k + i) and ¢(k + ©), then calculates key parameters
Ksp(p(k +1)) and ysp(k + 7). These two parameters charac-
terize the coupling relationship between magnetic field direction
and receiver position, with calculation formulas as follows:

Ksp (¢ (k+1))

w? [(M% + M%) sin? (arctan%—g +p(k+ z)) + Mg}
(Ryo + Req)”

(27
M,
vsp (k + i) = arctan ¢ .
/ M?%+ MZsin (arctan%—; +o (k+z)>
(28)

Based on these parameters, the system further predicts load
power

Pload (k + Z) = IQRquBD (90 (k + Z))
x sin? (ysp (k +14) 4+ 6 (k + 1)) (29)
and system efficiency

n(k+1)=

Rqu;gD (Lp (/C + Z)) sin2 (’73]3 (k + Z) + 0 (]f + ’L))
Rt (Rrp+Req) Ksp (¢ (k+1)) sin? (y3p (k+1)+6 (k+14))
(30)

These expressions directly derive from the theoretical analysis
in Section II, fully reflecting the influence of control variables
(through 0 and ) on system performance. To reduce compu-
tational complexity, candidate control sequences are typically
selected from a predefined finite set, for example, N points
uniformly distributed on a sphere, rather than optimizing in
continuous space.

The cost function designed in this research integrates three
main objectives: maximizing power transfer efficiency, tracking
target load power, and ensuring ZVS conditions. This cost
function is expressed as

J (k)
_ % wy (k) (1= (k+ 1)) + wa (k) (1_ Pldlg’frﬂ)]
i=1 +ws (k) Jzvs (k + 1)
(3D

where w1 (k), wa(k), and w3 (k) are weight coefficients used to

balance the importance of different control objectives; Py is the

reference power, representing the desired load power transfer
Jzvs(k + ©)is the ZVS penalty term, defined as

Jzvs (/{i + Z) = Z max {0, Tin — |Itacj (k + Z)l} :
j=A.B,C
(32)

Here, I, (k + i) denotes the predicted fundamental rms cur-
rent magnitude of the jth transmitter branch at step k + ¢ (j €
{A, B, C}), and Iy, is a calibrated threshold that represents



YE et al.: 3-D WIRELESS POWER TRANSFER WITH ORTHOGONAL TRANSMITTERS AND ADAPTIVE MPC-MPPT

the minimum branch current required to guarantee sufficient
energy to charge/discharge the device output capacitances within
the dead-time at the fixed operating frequency. Under the reso-
nant, fundamental-harmonic operating assumption, maintaining
|7|> I'min is a sufficient control-level proxy for sustaining ZVS.
This penalty term implements the soft inequality |4 ;|>Iiin
in hinge form: it vanishes when the ZVS margin is met and
increases linearly with the deficit, thereby biasing the optimizer
toward candidate actions that preserve ZVS and avoid switching-
loss/EMI degradation.

The design of the cost function reflects the multiobjective
optimization nature of the system, allowing a balance between
power transfer, efficiency, and reliability through appropriate
adjustment of weights.

In each control cycle, MPC determines the optimal control
sequence by solving the optimization problem

ux (k:k+Np—1)=arg min J

(33)
u(k:k-+N,—1)

while adhering to control variable constraints ¢;(k +1i) €
[0,27) and ZVS conditions |I;5;(k + %)| > Imin.

The actual solution process first generates a set of N candidate
points uniformly distributed on a sphere {(6,,,¢,)}Y _ | then
maps each candidate point to corresponding control variables
{(¢%, ¢, o) IN _ |, calculates the cost function value for
each candidate control sequence, and finally selects the control
sequence with the minimum cost function value as the optimal
control action. Considering computational resource limitations,
a relatively short prediction horizon (/V,, = 3 — 5) and an ap-
propriate number of candidate points (N = 20-30) are typically
set to balance control performance and computational burden.

B. Integrated Design of MPPT and MPC

The fundamental goal of MPPT in 3-D-WPT systems is to
locate the maximum power transfer point when the receiver’s
position and orientation are unknown or changing. Based on
the theoretical analysis of the performance presented in Sec-
tion II, the maximum power transfer condition can be expressed
as:sin? (arctan% + ) = 1and sin?(y3p +60) = 1. These
expressions establish two critical criteria: 1) the phase alignment
between the transmitter’s magnetic field and the receiver coil
plane, and 2) the real-time adaptive adjustment of the magnetic
field direction based on receiver dynamics.

The MPC-MPPT integration method proposed in this re-
search directly incorporates MPPT objectives into the MPC cost
function, enabling the controller to pursue multiple objectives
simultaneously. By appropriately setting weight coefficients
w1 (k), we(k), and w3 (k), the system can automatically ad-
just priorities under different operating conditions. The predic-
tive controller aggregates three physical objectives—efficiency,
power tracking, and ZVS robustness—into a single weighted
cost and, at each interval, evaluates a finite set of feasible
field-orientation/phase-alignment commands that are consistent
with resonant operation. The weights wy (k), wa(k), and ws (k)
bias this ranking toward higher delivered power, stronger soft-
switching margins, or improved efficiency as operating con-
ditions evolve; the explicit adaptive scheduling law and tuned
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parameters are presented in Section III-C [(37) and Figs. 6 and
71.

To implement the MPC-MPPT integrated algorithm, the sys-
tem needs to continuously estimate receiver parameters. This
research adopts a perturbation-observation-based approach, es-
timating system states by measuring input power under different
control parameters. Input power can be expressed as

Py (k) = I* R+ I? (Rys + Req) K3p (¢ (K))
x sin? (ysp (k) + 6 (k).

By observing power changes under different control con-
ditions, the system can derive mutual inductance coefficients
and optimal directions. Specifically, the difference between
maximum input power and minimum input power satisfies the
relationship

P

(34)

— Py, = I? Ksp (Ryw + Req) (35)

Nmax Nmin

providing a basis for mutual inductance estimation. Based on
the estimated mutual inductance coefficients, the system can
calculate the optimal direction

M
{ Popt :Trg — aTCtant ' (36)

eopt =35 — 73D

Finally, the system uses the estimated parameters to update
the MPC prediction model, completing the adaptive control loop.
The resulting priority shifts are operationalized by the adaptive
weight adjustment detailed in Section III-C, ensuring consistent
behavior under time-varying receiver motion.

C. Adaptive Weight Adjustment Based on Operating
Conditions

The proposed MPC-MPPT structure adjusts the cost-function
weights wi (k), we(k), and ws(k) to achieve the best tradeoff
among the differing objectives of optimizing efficiency, at the
same time attempting to track power and maintain ZVS. The
adjustments depend on two operating-state indicators so the
controller can appropriately bias these objectives in real time,
as dictated by system needs, without using additional sensors or
ongoing substantial computational effort.

We use the normalized power-tracking error ¢P(k) =
| Poad (k) — Pref|/ Prer and a ZVS violation indicator Izys(k) €
{0,1}.Here, Izys (k) = 1ifany transmitter branch fails to meet
the ZVS margin in the current cycle, and Izys (k) = 0 other-
wise. These two quantities are sufficient to determine whether
the controller should emphasize power regulation (when ¢ P (k)
is large), preserve soft switching (when Izys (k) = 1), or revert
to nominal efficiency-oriented operation.

Using these indicators, the weights are updated as follows:

wi (k) = [Wibase — A1 - €P (k) + 71 - Izvs (k)] / Wiotal
wy (k) = [Wabase + A2 - P (k) —v2 - Izvs (k)] /Wiotal
w3 (k) = [wspase — A3 - P (k) + 73 - Izvs (k)] /Wiowl

(37

where 1wy 18 the total of the three bracketed numerators in (37)
and the constraint wq (k) + wa (k) + ws(k)= 1 is enforced for
each cycle. It is important to note that the three numerators are
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Fig. 7.
of (A1, 1), (A2, ¥2), and (A3, y3) on efficiency, power, and ZVS rate. (d) A1 =0
3 = 0.3—98.4% ZVS rate.

clipped to [0, 1] prior to normalization, for numerical robustness
during infrequent transients because this projection will retain
the intended priority shifts while also ruling out negative or
arbitrarily large intermediate weights. The addition only requires
O(1) arithmetic per cycle and naturally accommodates the finite-
candidate predictive optimization.

To render (37) operationalizable and reproducible, we con-
ducted a simulation-based parameter design at a 100-W refer-
ence power: the results are summarized in Figs. 6 and 7. First,
we swept the baseline weights under the simplex constraint
wi (k) + wa(k) + ws(k)= 1 while holding all other controller
parameters fixed and computed three performance surfaces:
steady-state efficiency, delivered output power, and ZVS realiza-
tion rate. As shown in Fig. 6(a)—(c), the peak regions of the three
surfaces lie in a narrow neighborhood, with representative op-
tima at [wW1pases Wabases W3base] = [0.39, 0.51, 0.10] for efficiency
(85.0%), [0.42, 0.50, 0.08] for output power (101.1 W), and
[0.38, 0.52, 0.10] for ZVS rate (98.2%). Because these maxima

Opt: 22=0.2,y2=0.2
v

(e)

al:100.8

S

0.2 03

0.1
A3

()

Sensitivity-gain parameters with baseline weights fixed at [w1pases Wabases W3base] = [0.40, 0.50, 0.10], Prs= 100 W. Panels (a)—(c) compare the effects

.3, v1 = 0.1-86.7% efficiency. (e) A2 = 0.2, 2 = 0.2—100.8 W. (f) A3 = 0.1,

are tightly clustered, we select the Pareto-proximal baseline
triplet [W1bases Wabase, W3base] = [0.40, 0.50, 0.10], which resides
within the joint plateau and therefore preserves high efficiency,
near-rated power, and a high ZVS realization rate simultane-
ously. The local flatness around this point provides robustness to
modeling mismatch and measurement noise without sacrificing
performance.

With the baseline triplet fixed, we then explored how the
sensitivity pairs (A1, ¥1), (A2, 72), and (A3, v3) modulate the
same three metrics. For each pair, the remaining gains were
held at their nominal values while we mapped the corresponding
performance surfaces. The results in Fig. 7(a)—(c) reveal clear,
smooth optima; the detailed surfaces in Fig. 7(d)—(f) indicates
that the efficiency channel peaks at A; = 0.3 and v; = 0.1
with 86.7% efficiency, the power-tracking channel peaks at Ao=
0.2 and 2= 0.2 with 100.8 W delivered power, and the ZVS-
robustness channel peaks at A3= 0.1 and y3= 0.3 with a 98.4%
ZVSrealization rate. These gains are intentionally modest, so the
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priority shifts they induce are decisive yet not over-aggressive
when coupling varies rapidly due to receiver motion. Under
these selections, large e P(k) transiently raises wo (k) and relaxes
w1 (k) to accelerate power recovery; an asserted Izys (k) elevates
ws (k) and suppresses w2 (k) until the ZVS margin is restored;
in nominal conditions, the weights relax smoothly toward their
baselines, preserving efficiency.

We adopt wipase= 0.4, Wopase= 0.5, W3pase= 0.1 and A=
0.3, 22= 0.2, A3= 0.1, y1= 0.1, 2= 0.2, y3= 0.3 for (37). As
evidenced in Figs. 6 and 7, these values lie within the common
high-performance plateau and yield a high ZVS realization rate
while maintaining near-maximal efficiency and output power at
the 100-W reference.

D. Algorithm Implementation and Pseudocode

The adaptive MPC-MPPT controller runs in real time on a
DSP, performing sensing, estimation, prediction, optimization,
and actuation each switching cycle. At each cycle, the ADC
samples the transmitter currents and output voltage/current; the
load power Pjoqq is computed, and the transmitter current vector
is mapped to spherical coordinates to construct the statex (k) =
[Lwa(k), Lzp (k) Lz (k), 0(k), o(k)]" while the control in-
put is the phase-shift vector u (k) = [pa(k), o5 (k), po (k)] .
A sensorless perturb-and-observe routine updates the mutual
inductances {Ma, Mp, Mc} using the most recent measure-
ments and the previously applied control, thereby refreshing the
prediction model for power and efficiency. Two indicators are
then evaluated: the normalized power-tracking error € P(k) and
a ZVS feasibility flag derived from the minimum branch current
relative to a threshold Imin; a bounded scheduling law maps
these indicators to normalized weights wq (k), wo(k), w3 (k) to
balance efficiency, regulation, and switching reliability. Around
the last optimal action, a finite set of admissible phase-shift
candidates is generated; for each, a short horizon N,, predicts
{ Pioad> 1, branch currents} and accumulates the cost function
J(k). The candidate that minimizes J(k) under constraints
supplies the present control move, of which only the first step
is applied to the PWM; measurements and the executed action
are logged to seed the next cycle. A timer/stagnation detector
periodically reseeds the candidate set to avoid local minimum,
ensuring robustness under rapidly varying spatial coupling. The
overall algorithm is shown in Algorithm 1.

IV. EXPERIMENTAL AND SIMULATION VERIFICATION
A. Experimental Setup and System Parameters

The proposed adaptive MPC strategy for 3-D WPT systems
was validated through comprehensive simulation and experi-
mental studies using a custom-built prototype. Fig. 8 illustrates
the experimental platform featuring three orthogonally arranged
transmitting coils driven by independent full-bridge inverters,
a movable receiving coil connected to a rectification circuit,
and a digital control system implemented on a TMS320F28335
DSP. The transmitting coils are mounted on a nonmetallic frame
with precisely controlled spacing to minimize mutual coupling
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Fig. 8. Proposed platform for 3-D-WPT systems. (a) Overall experimental
platform. (b) Structure of the coils.

TABLE I
ELECTRICAL PARAMETERS OF THE 3-D WPT SYSTEM

Parameter Symbol Value Unit
DC input voltage Uqc 12 Vv
Operating frequency f 85 kHz
Transmitter resistance R4, Rg, R¢ 0.32,0.35,0.33 Q

Transmitter inductance
Tx compensation capacitance

23.8,24.1,245 | uH
147, 145, 142 nF

thA' thB' thC
CtxA' Cth' Cth

Receiver inductance Ly 16.4 HH
Rx compensation capacitance Crx 215 nkF
Receiver coil resistance Rgx 0.28 Q
Mutual inductance range My, Mg, M, 0.9-4.8 wH
Output filter capacitance C, 270 uF
Rated output power Pyt 100 /4
TABLE II
COIL PARAMETERS
Parameter Transmitter Coils Receiver Coil
Shape Square Circular
Outer dimension 40 cm 20 (diameter)cm
Number of turns 15 9
Wire type Litz wire Litz wire
Wire gauge 200%0.1 mm 150%0.1 mm
Ferrite backing Yes (N87) Yes (N87)
Quality factor (Q) 72-78 65

between transmitters while maximizing the effective charging

volume.

The three transmitting coils are arranged orthogonally along

the x, y, and z axes, creating a cubic charging volume of
40x40 x40 cm?. The system operates at 85 kHz with up to 100 W
output capability. The electrical parameters, coil parameters, and
control parameters of the experimental system are summarized
in Tables I-11I1, respectively.
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TABLE III
CONTROL PARAMETERS FOR ALGORITHM IMPLEMENTATION
Parameter Symbol Value
DSP clock frequency feu 150 MHz
Control update frequency fupaate 200 kHz
Prediction horizon N, 3
Number of candidate points N 24
Baseline efficiency weight Wipase 0.4
Baseline power tracking weight Wapase 0.5
Baseline ZVS weight Wipase 0.1
Power tracking sensitivity coefficient Ay 0.3
Efficiency reduction coefficient Ay 0.2
ZVS reduction coefficient A3 0.1
Efficiency ZVS coefficient Y1 0.1
Power tracking ZVS coefficient Y2 0.2
ZVS increase coefficient Y3 0.3
Minimum current for ZVS Lnin 12 A

Algorithm 1: Adaptive MPC-MPPT Implementation Flow.
Require: P, T, N, candidate size N, ZVS threshold Iy,
Ensure: Next-cycle phase shifts {¢4, o5, dc}

1: Initialize k£ < 0, prior control u_1, parameters
{Mu, Mg, Mc}, weights (w1, we, w3).
2: while controller enabled do

3: Measure I, 4, iz, Lizc, Vo, Lo; set Poag <+ Vol,.
4. €P(k) = |]Dload(k) - Ref‘/jjref;
15 min{|Tioal, [T, Teac).
Izys + 1if I9% < I, else O ;
(w1, wa, ws) < Schedule (e P(k), Izys)
6: {MA7MB,Mc}<—
P&O_update({ M, Mp, Mc}, ug—1, Poad); update
model M.
7: U < SeededSphereSamples(uy_1, N);
Jmin ¢ F00; u* — up_1
8: foru™ €U do
9:  Predict {P;, n;, Ii}fvi | via M under u(™).
10: J (k) =
% 1 (R)(1 = n(k + 1)) + wa(k)(1 = %)}
=1 +ws (k) Jzvs (k + )
11: if J < Jmin then
12: Jmin < J; u* FirstControl(u(”)).

el

13: end if

14: end for

15:  Apply u* = {¢%, 0%, o5} to PWM; log
{u*7 Pload}~

16: If timer expired or improvement < &, reseed
k<« k+1.

17: end while
18:  return {¢%, ¢%, 05}

B. Power Distribution of the 3-D-WPT System

To determine the performance of the proposed adaptive con-
trol algorithm at different radial distances, the experiments were
conducted by placing the receiver coil at radial distances of 10,
20, 30, and 40 cm from the reference point O of the transmitter.
The azimuthal angle () has varied between 0° and 90° in terms
of the XY-plane projection in order to determine the receiver
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Fig. 9.  Output power Py, versus orientation angle ¢ at four separation
distances. (a) r = 10 cm. (b) r = 20 cm. (c) r = 30 cm. (d) r = 40 cm. Test
conditions: Ug.= 12V, f = 85 kHz, FSC-MPC versus MPC-MPPT.

angles (0) while the elevation angle was fixed at = 45° during
the measurements. The contour plots of the measured power
distributions are shown for the proportional integral controller
(PI) and for the proposed adaptive MPC-MPPT strategy in Fig. 9.

The experimental results reveal that at shorter distances,
Fig. 9(a) and (b) (e.g., r = 10 cm and 20 cm), the overall
power transfer efficiency remains high for both methods due
to stronger magnetic coupling. However, the proposed method
demonstrates a clear advantage, maintaining consistently higher
power delivery across the entire angular range. For r = 10 cm,
power levels with the proposed method range between 78 and
84 W, compared to 60-78W for the conventional approach,
representing approximately 15% higher power. Similarly, at » =
20 cm, the proposed method sustains power levels of 76-84 W,
outperforming the conventional method, which yields 64-74 W.

At larger distances Fig. 9(c) and (d) (e.g., »r = 30 cm and
40 cm), the proposed method’s superiority is further pronounced.
With the receiver at » = 30 cm, power levels using the proposed
strategy remain within 52—-80 W, while the conventional method
experiences significant degradation, with power dropping to a
range of 38-76 W. For the extreme distance of r = 40 cm,
the proposed method maintains stable power delivery ranging
from 42 to 82 W, in stark contrast to the conventional method,
which suffers from power values between 28 and 74 W. Notably,
the strongest performance discrepancy occurs between ¢ angles
of 40° and 50°, where the proposed algorithm achieves up
to 30% higher power transfer compared to the conventional
approach. These results illustrate the robust performance of
the proposed adaptive MPC-MPPT strategy. By dynamically
optimizing power distribution and magnetic field alignment in
real-time based on coupling conditions, it compensates for spa-
tial variations and minimizes efficiency losses, even at extended
distances. The observed stability and uniformity in power deliv-
ery highlights the proposed method’s improved tolerance to an-
gular misalignment and radial separation, making it particularly
suitable for 3-D-WPT applications where receiver positioning
is dynamic and variable.

C. Verification of the System’s Dynamic Response.

To evaluate the dynamic performance of the proposed con-
trol strategy under realistic operating conditions, we conducted
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Fig. 10.  Trajectory of receiver coil movement from position P1 to position P2
within the 3-D charging volume.
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Fig. 11.  Power distribution among the three transmitters as the receiver moves
from P1 to P2 without the proposed control algorithm.

experiments with the receiver coil moving continuously through
the charging volume. Fig. 10 illustrates the power distribution
across the three transmitters (TX-A, TX-B, and TX-C) as the
receiver moves along a defined trajectory. The horizontal axis
represents the trajectory progress (%), where 0% corresponds
to the starting position P1 (15, 30, 17) cm and 100% indicates
the final position P2 (25, 15, 25) cm of the receiver’s path. This
normalized metric shows the receiver’s relative position along
the complete trajectory from P1 to P2.

The transition from P1 to P2 involves multiple changes in
coupling conditions:

1) coupling to coil B increases as the receiver approaches the

X-axis;

2) coupling to coil A increases as the receiver moves toward

the center in the y-dimension; and

3) coupling to coil C decreases as the receiver rises in the

z-dimension. This complex transition requires constant
reorientation of the magnetic field to maintain optimal
power transfer.

Prior to investigating the system’s transient response charac-
teristics, it is useful to consider the power distributions among
the three transmitters when the receiver moves along the P1-P2
axis intentionally ignoring the adaptive controller under exami-
nation. Fig. 11 shows this power distribution as a percentage of
total input power for each transmitter (TX-A, TX-B, and TX-C)
versus percentage of progress along the P1-P2 trajectory.

The power distribution shifts significantly during movement
TX-A initially dominates (reaching ~43% at 20% trajectory
progress) while TX-C drops to its minimum (~21%). In the latter
half of the trajectory, TX-B becomes the dominant transmitter
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(peaking at ~46% near 75% progress). This uncontrolled power
distribution leads to suboptimal efficiency and unstable power
delivery, as the system lacks any mechanism to actively optimize
the magnetic field direction.

To evaluate the dynamic response of our proposed algorithm,
we conducted a series of experiments with specific time intervals
as shown in Fig. 12. The currents in the three transmitting coils
Itz A, ItaB, Itzco) and the receiver coil (1,.,) are shown during
six distinct operating periods.

1) Verification for the static state of the receiving coil: For
time intervals, 7; and 79, the receiving coil was static. For
time interval t1, the proposed algorithm was “OFF”; there
were fluctuations of the received current from 3.2to 4.1 A.
Then, in time interval t2, the proposed algorithm was “ON”,
and the output current stabilized to a constant 3.8 A. These
experimental results indicate that the proposed algorithm,
very quickly, was able to achieve the maximum power
point and demonstrate an advanced ability to maximize
power transfer in the static state.

2) Verification for when the receiver coil is in motion: For
time interval t3, the receiver coil moved from Pl to
P2, which created a significant change in the coupling
relationship between receiver coil and transmitter coil.
The proposed algorithm was able to adaptively adjust
by changing the transmission currents: I;, 4 increased
from 5 to 8 A, I;, 5 decreased from 10 to 9.5 A, and
I;c decreased from 10.8 to 8.4 A. Despite the motion,
the receiver-side current, /,.,., achieved rapid stabilization
with recorded fluctuations across all samples being below
+0.3 and —0.3 A in the first experimental run. This rapid
response of the algorithm was achieved in 5 ms, as shown
in the data.

Continuously track the maximum power in the subsequent 74
interval and then repeat the verification of these two processes
in the 75 and fg intervals.

The oscilloscopes waveforms in Fig. 13 show the transient
response features of the system when the output-voltage ref-
erence steps from 20 to 30 V (10 ms/div). In the case of PI
control [see Fig. 14(a)], the output voltage still shows a slow
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Fig. 14. Comparison of different methods with dynamic response in sudden
reference output power change (PIl: k, = 0.14, k; = 0.21.PI12: k, =
12, k; = 60).

settling time (71), the current at the receiving side has large
ringing, and it oscillates for some time; this may indicate a
large amount of transient reactive energy exchanged. For the
proposed MPC-MPPT [see Fig. 14(b)], there is a more rapid
voltage transition with lower settling time (7o<71) without
as large current transients, indicating less steady state ripple.
Collectively, these results indicate that the controller can respond
more rapidly to changes in the transmitter’s current vector and
dampen the oscillation while at the same time moving much
faster to the new point of operation.

Fig. 14 shows the further quantification of the behavior under
sudden output-power reference steps of around 50—30 W at
10 ms, and in the case of the opposite step 30—50 W at 50 ms,
of the four controllers: The proposed MPC-MPPT performed the
down-step in 7 ms, FSC-MPC performed the down-step in 9 ms,
PI1 was 12 ms, and PI2 was 17 ms. The proposed MPC-MPPT
down-step showed the least overshoot and the quickest settling
relative to the other controllers, while the traditional MPC down-
step had the largest overshot and took the longest to recover to
the set point, alike, PI1 had the largest overshoot but with the
longest recovery. Finally, PI2 was overdamped in down-step as
it experienced no overshoot but also took the longest to settle. In
summary, these results further validate the proposed controller
achieves the best transient tracking, smallest power excursion,
and quickest settling time across all cases.

These experimental findings indicate that the adaptive MPC-
MPPT control algorithm proposed in this article performs well
under static and dynamic conditions, providing a fast dynamic
response while ensuring maximum power transfer.

D. ZVS Verification

Fig. 15 presents the experimental waveforms that verify the
ZVS operation achieved by the proposed control strategy. The
oscilloscope captures show voltage and current waveforms for
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all three transmitter coils and the receiver circuit during system
operation.

In Fig. 15(a)—(c), the voltage waveforms and current wave-
forms of all three transmitter coils demonstrate clear ZVS
characteristics. The voltage transitions from high to low occur
precisely when the current crosses zero in the negative-to-
positive direction, while transitions from low to high align with
positive-to-negative current zero-crossings. Despite the different
current amplitudes required by the adaptive control strategy to
optimize the 3-D magnetic field distribution, all three trans-
mitters maintain proper phase relationships between voltage
and current waveforms. This phase relationship ensures that
switching occurs when voltage across the MOSFET is minimized,
significantly reducing switching losses.

The consistency across all transmitters demonstrates the ef-
fectiveness of the ZVS penalty term (Jzys) in the cost function,
which successfully maintains the current amplitude of each
transmitting coil above the critical threshold I ;.

The receiver waveforms also exhibit stable operation with
proper resonance characteristics, indicating efficient power
transfer. The smooth sinusoidal current waveforms across all
coils confirm minimal harmonic distortion, which contributes
to the system’s high efficiency (up to 87% as demonstrated in
the efficiency analysis).

In summary, the experimental findings provide evidence that
the adaptive MPC-MPPT control technique presented in this
article can facilitate ZVS operation for all three transmitters
simultaneously as the receiver is being traveled with. This ex-
perimental result effectively reduces both switching losses and
electromagnetic interference, which enhances system perfor-
mance. The next section provides more details on performance
evaluation, specifically efficiency.

E. System Efficiency and Power Loss Distribution Analysis

The results of the new 3-D-WPT system were assessed by
paired repeated measures testing under the same conditions. In
Fig. 16(a), the proposed PI (baseline) and MPC-MPPT (pro-
posed) are summarized by the transmission distance for each
pairing between 10 and 40 cm. The points denote means and
error bars indicate the 95% confidence interval. As shown, the
proposed method consistently demonstrates greater end-to-end
efficiency, and gains presented also increase with transmission
distance: +5.3% at 10 cm, +7.6% at 15 cm, +9.9% at 20 cm,
+12.2% at 25 cm, +15.4% at 30 cm, +17.9% at 35 cm, and
+20.0% at 40 cm. While improvements were less significant at
shorter distances (10—15 cm) where coupling was strong, they
became more apparent at greater distances beyond 20 cm. At r
= 40 cm, the proposed method improves efficiency by 20.0%
(95% CI shown by the error bars; paired across identical test
conditions).

In Fig. 16(b), efficiency versus output power are shown at 20
and 40 cm. At 20 cm, the proposed controller supplies the sensor
at 87% efficiency at the 60 W operating point, which is about a
12% absolute gain over the PI broken at the same operating point.
At 40 cm, the proposed controller shows about 72% efficiency
across the power range tested, which is about a 17% absolute gain
at 60 W. The light-load operation (2040 W) shows the largest
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Fig. 16.  System efficiency analysis of the proposed 3-D-WPT system. (a) Ef-
ficiency comparison across transmission distances. (b) Efficiency characteristics
under different output power levels, error bars denote 95% confidence intervals.

percentage increases (~=15-18%) and medium (~12—-15%) and
heavy loads (=8—10%) also benefited. In both subplots, the error
bars represent 95% confidence intervals calculated from paired,
repeated measurements taken under the same conditions.

The integrated MPC-MPPT enhances end-to-end efficiency
by

1) steering the transmit current vector toward the instanta-

neous MPP to maximize real power and suppress reactive,

2) enforcing ZVS via a minimum-current constraint and a

penalty term to reduce switching losses, and

3) using predictive that minimize off-MPP operation during

motion.

Of particular note, at r = 40 cm, the severe drop in magnetic
coupling will be the reason that forcing the output power to
100 W will cause the input-side power devices to fail to operate
properly and cause a system fault. This issue will be addressed
with the further optimization of the experimental platform in
future studies.

In addition, the power loss profiles of the systems with differ-
ent controllers (PI and adaptive MPC-MPPT) at a transmission
distance of 20 cm are investigated in Fig. 17.

The proposed method reduces switching loss from 40% to
25% by maintaining stable ZVS across the inverters, achieved
through real-time phase shift control and current management.
ZVS minimizes energy dissipation during state transitions by
aligning voltage and current waveforms, ensuring the switches
commutate at zero or near-zero voltage. This not only decreases
energy loss but also mitigates thermal stress, improving overall
reliability. Despite a slight increase in coil loss due to magnetic
field realignment, the overall efficiency benefits from reductions
in conduction, switching, and rectification losses, showcasing

(c)

ZVS verification: transmitter Tx voltages/currents and receiver Rx voltage/current for (a) Tx-A, (b) Tx-B, and (c) Tx-C.
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Fig. 17. Power loss distribution (a) with adaptive MPC-MPPT control,
(b) with PI control.
TABLE IV
PERFORMANCE COMPARISON UNDER IDENTICAL PLANT, SAMPLING, AND TEST
CONDITIONS
. MPC- AIM
Metric MPPT PI FCS-MPC (simulation)
1 at 20 cm, 60 W 87% ~79% ~83% ~85%
n at40 cm, 60 W ~12% ~52% ~63% ~66%
Power-Tracking
50-30 W (W) ~1.2 ~3.1 ~1.5 ~2.0
2% settling time,
50-30 W (ms) 7ms 12ms 9ms 10-12ms
ZVS ratio ~98-99% | ~90-92% | ~94-96% ~95-96%
Computation time
per control cycle 5 5 4 4
(us)

the effectiveness of the proposed MPC-MPPT integration in
stabilizing operation and optimizing power distribution.

F. Comparative Evaluation of Advanced Controllers

To improve the baseline analysis, we compare the adap-
tive MPC-MPPT we propose with a well-tuned PI baseline, a
finite-control-set MPC (FCS-MPC) applied on our prototype,
and an adaptive impedance matching (AIM) controller we as-
sessed through a high-fidelity simulation because of hardware
considerations. All methods share the same plant, sampling,
dead-time, compensation network, and protocol including static
tests at 20 and 40 cm (angle 45°), stepping power 50-30W and
30-50 W, and testing a 3-D motion trajectory. Evaluation criteria
will include efficiency, power-tracking RMSE, 2% settling time,
ZVS ratio across the range, and per-cycle computation time. We
summarize the results in Table IV.

In brief, we see that the proposed method provides the best
global tradeoff-reaction under weak coupling and more extreme
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angle where it has the highest efficient operation while the track-
ing errors are consistently low and the ZVS satisfaction is near
unity; the FCS-MPC provides transients that are comparable but
with an increased switching loss closer to the ZVS boundary, and
AIM provides strong steady-state efficiency conditions around
it is tuned point but slower adaptation to rapid shifts in pose.

V. CONCLUSION

After the research and experimental validation in this article,
we propose and implement a novel 3-D-WPT that combines
MPC and MPPT. Through the orthogonal coil structure design
and control algorithm fusion, the system demonstrates excel-
lent power transfer performance under varying spatial coupling
conditions. Mathematical models and experimental data show
that the adopted system architecture and control framework can
improve efficiency by about 20% at a transmission distance of
40 cm and reach a peak efficiency of 87% at 60 W output power.
The stability and adaptability of the system’s dynamic power
transfer are significantly improved compared to conventional
methods, achieving real-time response and efficient charging
of mobile receiver devices. In addition, this study achieves a
good balance between efficiency, power tracking accuracy and
switching soft-switching conditions through an adaptive weight
adjustment mechanism. The implementation of ZVS further
reduces the switching loss of the system while ensuring efficient
and safe operation. These features make this system important
for application scenarios that require high degrees of freedom,
such as mobile robots and bionic aerial vehicles.
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