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A Single-Input Multioutput Capacitive Power
Transfer System With Enhanced Misalignment

Tolerance for UAV Swarm Charging
Xiaochen Zhang, Pan Sun , Enguo Rong , Member, IEEE, Gang Yang , Sisi Chang, and Qijun Deng

Abstract—This article proposes an electric field-coupled wireless
charging system for Uncrewed Aerial Vehicle (UAV) swarms, ca-
pable of simultaneously charging multiple drones through a single
transmitter-side setup while demonstrating excellent misalignment
tolerance and load decoupling capability. First, a single-input mul-
tioutput electric field coupler with simple structure and superior
structural adaptability is developed. Parameter optimizations are
conducted to enhance misalignment tolerance, and its equivalent
circuit model is established through finite element simulations.
Second, an LCLC-CLL resonant network is designed to achieve
constant current output, multiload decoupling, and transmitter-
side load-adaptive zero-phase-angle operation. Finally, an exper-
imental prototype is constructed to validate the theoretical anal-
ysis. Experimental findings demonstrate that the system attains a
maximum single-load output power of 709.9 W with peak dc–dc
efficiency reaching 89.06% . Stable power delivery is maintained
across lateral misalignment ranges of [−125 mm, +125 mm] and
rotational misalignment up to 240°. The system exhibits robust
operational adaptability, sustaining high energy transfer efficiency
during both load quantity variations and load imbalance sce-
narios. Furthermore, its advanced load-decoupling characteristics
enable independent charging operation for multiple loads without
cross interference, significantly enhancing the flexibility and cost-
effectiveness of UAV swarm charging systems.

Index Terms—Antimisalignment, capacitive power transfer
(CPT), loads decoupling, single input multioutput (SIMO),
uncrewed aerial vehicle swarm.

I. INTRODUCTION

UNCREWED aerial vehicle (UAV) have become indispens-
able in modern applications ranging from aerial surveying

[1], precision agriculture [2], logistics [3], disaster relief [4], and
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to military operations [5]. However, their operational endurance
remains constrained by the inherent energy density limitations
of current battery technologies.

Wireless power transfer (WPT) has demonstrated significant
potential across various domains including electric vehicles
[6], marine transportation [7], and consumer electronics [8].
Compared to conventional battery replacement or contact-based
charging solutions, WPT-enabled UAV charging systems of-
fer distinct advantages: 1) higher automation capability, and
2) elimination of connector wear losses. This technology
presents a promising solution to overcome the persistent en-
durance limitations of battery-powered UAVs.

The design of efficient couplers constitutes a critical technical
challenge in implementing WPT systems for UAV charging, a
subject that has attracted significant research attention over the
past decade [9]. Notably, in inductive power transfer (IPT) based
UAV charging systems, four predominant coupler configurations
have emerged as the mainstream solutions.

A. Conventional Planar Couplers

Standard planar circular/rectangular coils directly applied to
UAVs [10], [11], [12], [13] suffer from poor structural com-
patibility, making them unsuitable for UAV wireless charging
systems.

B. Modified Receiver Coil Couplers

Receiver coils redesigned according to UAV shapes are
mounted on landing gears with ferrite cores to enhance cou-
pling [14], [15], [16]. While demonstrating improved structural
adaptability, these couplers involve complex design tradeoffs
between coupling capability and misalignment tolerance.

C. Orthogonal Magnetic Field Couplers

Designed for UAVs with vertical rectangular landing gears,
this configuration utilizes orthogonal magnetic fields to improve
coupling performance [17], [18], [19], [20]. Compared to the
aforementioned types, it shows advantages in structural compati-
bility, lightweight design, and rotational misalignment tolerance,
though its coupling stability under lateral misalignment requires
further optimization.
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Fig. 1. Application of UAV swarm and wireless charging.

D. Array Transmitter Couplers

Multiple transmitter coils are employed to enhance mis-
alignment tolerance [21], [22], [23]. While achieving strong
positional adaptability, this approach necessitates UAV position
detection and coil selection processes, significantly increasing
operational complexity.

In summary, IPT technology remains constrained by struc-
tural complexity in coupler design, making it challenging to fully
satisfy UAV wireless charging requirements. In contrast, capac-
itive power transfer (CPT) demonstrates inherent advantages
including simplified coupler architecture, design flexibility, and
reduced weight [24], [25]. These distinctive characteristics make
CPT particularly suitable for UAV applications, prompting
growing research interest in both domestic and international
academic communities in recent years.

For instance, Muharam et al. [26] developed a point-type
electric field coupler for quadcopter UAV, demonstrating strong
structural adaptability and misalignment tolerance. However, its
limited coupling capacitance resulted in low power transfer effi-
ciency. Park et al. [27] proposed a protruding-platform coupler
achieving 89.4% coupler efficiency with enhanced rotational
misalignment tolerance, albeit at the expense of structural com-
patibility. Cai et al. [28] implemented an arrayed transmitter-
plate coupler, where copper foil-wrapped cylindrical landing
gears served as receiver plates, enabling 212 W power transfer
at 500 kHz. Collectively, CPT couplers surpass IPT counterparts
in installation flexibility and lightweight design.

Nevertheless, research on CPT-based UAV wireless charging
remains limited. Moreover, current research on UAV wireless
charging is predominantly limited to one-to-one charging con-
figurations. As illustrated in Fig. 1, in practical applications
such as target search [29], communication networking [30],
and surveillance and alert systems [31], UAVs often operate in
coordinated clusters. In such scenarios, the aforementioned one-
to-one wireless charging methods fail to provide cost-effective
solutions for concurrent multi-UAV charging.

To address the aforementioned challenges, this article pro-
poses a capacitive wireless charging system for UAV swarms

TABLE I
MULTILOADS CPT TOPOLOGY

(UAVs-CWC). Through the joint design of couplers and reso-
nant networks, the system achieves decoupled and simultaneous
charging for multiple loads while maintaining excellent mis-
alignment tolerance. The specific contributions are as follows.

1) A single-input multioutput (SIMO) coupler is proposed for
UAV wireless charging, enabling simultaneous charging
of multiple UAVs with a single transmitter excitation.
This design offers advantages such as superior structural
adaptability and lightweight construction.

2) An LCLC-CLL resonant network is proposed, along with
its parameter design method, ensuring stable charging cur-
rent and interplate voltage under varying load conditions
and quantities, while achieving zero-phase-angle (ZPA)
operation.

3) The proposed UAVs-CWC system demonstrates excep-
tional horizontal and rotational misalignment tolerance,
as well as robust load decoupling capabilities.

II. SIMO CAPACITIVE COUPLER FOR UAVS CHARGING

A. SIMO Capacitive Coupler Design

The coupler functions as the critical interface enabling con-
tactless energy transfer between the charging station and the
UAV. Its design quality directly governs the system’s charging
speed and energy transfer efficiency. A well-designed wireless
charging coupler for UAVs should exhibit good structural com-
patibility, lightweight characteristics, and misalignment toler-
ance [32].

As shown in Table I, capacitive couplers with domino topol-
ogy [33], multiple-input multiple-output topology [34], and
SIMO topology [35] can all realize the function of charging
multiple loads simultaneously. Considering the relatively low
charging power level of UAVs and giving full play to the trans-
mission capacity of the inverter function, this article adopts the
capacitive coupler with SIMO topology. The proposed UAVs-
ECWC system topology is shown in Fig. 2. On the Transmitter
transmitter side, a dc voltage source provides a stable input
voltage (Udc) as the energy supply. A high-frequency full-bridge
inverter converts dc to ac, which is then injected into the coupler
through the Transmitter-side resonant network. The coupler
features a single input port and multiple output ports, enabling
energy distribution from the transmitter to multiple receivers
via electric field coupling. The received energy is subsequently
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Fig. 2. Topology of UAVs-CWC system.

processed by receiver-side resonant networks and rectifiers to
charge individual UAV batteries.

The UAVs-CWC system achieves simultaneous wireless
charging for multiple UAVs using a single transmitter setup,
significantly enhancing operational cost-effectiveness and de-
ployment flexibility. This operational mode imposes special
requirements on the electric-field coupler for SIMO con-
figuration: The coupler should feature one input port and
multiple output ports, enabling simultaneous power transfer
from a single transmitter-side equipment to multiple UAVs,
where the number of UAVs under charging can be dynami-
cally adjusted according to operational demands. Subsequent
SIMO coupler designs will be developed following these
principles.

1) Transmitter Plates: As depicted in Fig. 2, the SIMO cou-
pler’s transmitter assembly comprises two metallic conductor
plates connected to the two terminals of the transmitter-side
resonant network, forming a closed power transfer loop. During
wireless charging, these transmitter plates serve as the desig-
nated landing zone for UAVs, necessitating sufficient surface
area to compensate for landing position inaccuracies and max-
imize the effective charging coverage. Fig. 3 illustrates two
transmitter plate configurations.

a) Monolithic Plate Design: Features a unified structure with
minimal conduction losses, ideal for deployment in spa-
tially unconstrained environments.

b) Distributed Plate Array: Utilizes flexibly interconnected
subplates with switchable connections, enabling space-
efficient configurations and adaptive plate activation based
on operational demands.

Both configurations demonstrate technical viability. For sim-
plicity, this study adopts the monolithic plate design.

2) Receiver Plates: Three conventional installation positions
exist for UAV wireless charging receivers: around the rotors
of multirotor UAVs, beneath the UAV fuselage, and on the
landing gear. CPT systems require only two receiver plates
to form a power transfer circuit, offering advantages over IPT
receivers in terms of lighter weight and flexible shape adaptabil-
ity. However, the coupling capacitance of capacitive couplers
is highly sensitive to the distance between the transmitter and
receiver plates. Consequently, the area around UAV rotors is

Fig. 3. Transmitter plate configurations. (a) Monolithic plate design.
(b) Distributed plate array.

Fig. 4. Receiver plates mounted on landing gears of different UAV models.

unsuitable for receiver plate installation. Even when receiver
plates are mounted beneath the UAV fuselage, protruding trans-
mitter plates are required for effective energy transfer, which
imposes stringent requirements on landing accuracy.

Considering the aforementioned factors, we installed the re-
ceiver plates on the bottom surfaces of UAV landing gears after
implementing minor structural modifications. Fig. 4 demon-
strates the installation method of the designed receiver plates on
different UAV models. These UAVs share a common characteris-
tic: their landing gears provide substantial projected contact area
with the landing platform after touchdown, ensuring sufficient
coupling capacitance formation in the electric field coupler.

3) Insulating Layer: The insulating layer is positioned be-
tween the transmitter and receiver plates, serving dual purposes
of electrical insulation and acting as the dielectric medium to
form the coupler’s coupling capacitance. The selection of the



2930 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

Fig. 5. Structure and installation of SIMO coupler.

insulating material directly affects the coupling capability and
loss characteristics of the SIMO coupler. The coupling capac-
itance Ccoulpbetween the transmitter and receiver plates can be
approximated as

Ccoulp =
ε0εrA

c
(1)

where ε0 is the vacuum permittivity, εr is the relative permittivity
of the insulating layer, A represents the overlapping area of
the plates, and c denotes the thickness of the insulating layer.
Equation (1) indicates that materials with higher εr increase
the coupling capacitance, thereby enhancing the system’s power
transfer capacity.

Concurrently, when the insulating layer is exposed to al-
ternating electric fields between the plates, polarization losses
occur due to the delayed polarization response relative to field
variations. The power loss density is calculated by

PunitV = ωε0εr tan δ · E2 (2)

whereω is the angular frequency of the alternating electric field,
tan δ is the material’s loss tangent, and tan δ is the electric field
strength.

After evaluating common electrical insulating materials—
polyethylene, polypropylene, polyvinyl chloride (PVC), poly-
tetrafluoroethylene, epoxy resin, ceramics, and mica—epoxy
resin was selected for the insulating layer. This material offers
high εr, excellent impact resistance, and the ability to reduce
losses through doping modifications, making it highly suitable
for SIMO coupler applications.

4) Overall Structure: The finalized SIMO coupler, as shown
in Fig. 5, comprises metallic plates and an epoxy resin insulating
layer. The transmitter plates are installed in the ground charging
station, consisting of two identical sections connected to the two
output terminals of the transmitter-side resonant network. These
transmitter plates provide sufficient horizontal area to simulta-
neously accommodate multiple UAVs. The receiver plates are
mounted on the bottom surfaces of UAV landing gears, featuring
lightweight construction and excellent structural compatibility
with UAV configurations without affecting flight performance.

B. Misalignment-Tolerance Coupler Parameter Optimization

This section presents the dimensional design and optimization
of the SIMO electric field coupler to enhance its misalignment

Fig. 6. Structure and dimensions of the SIMO electric field coupler.
(a) Planar view. (b) Relative plate position changes under horizontal displace-
ment (Δl) and rotational misalignment (Δθ). (c) Detailed schematic of rotational
misalignment.

tolerance. Fig. 6(a) illustrates the structure and critical dimen-
sions of the SIMO coupler in a planar view. Parameters lR1, lR2,
and dR are determined by the UAV landing gear configuration.
For this study, lR1 = 30 mm, lR2 = 300 mm, dR = 270 mm.

Fig. 6(b) demonstrates the relative positional changes be-
tween the transmitter and receiver plates under UAV land-
ing misalignments, including horizontal displacement (Δl),
and rotational misalignment (Δθ). Fig. 6(c) quantifies the
endpoint displacement of the receiver plate caused solely by
rotational misalignment. Here, Δdinner represents the inward
displacement of the receiver plate’s innermost endpoint to-
ward the center due to rotational misalignment, expressed
as

Δ dinner =
dR
2

− 1

2

√
d2R + l2R2 · cos

(
arctan

lR2

dR
+Δθ

)
.

(3)
Δdouter denotes the outward displacement of the receiver plate’s
outermost endpoint from the center caused by rotational mis-
alignment, as expressed in (4) shown at the bottom of this page.

When simultaneous Δl and Δθ occur, the combined effects
must be considered. To ensure the receiver plate remains within
the effective coupling area of the transmitter plates, the ge-
ometric constraints for lT1 (transmitter plate width) and dT
(transmitter plate spacing) must satisfy

dR − dT
2

≥ Δl +Δdinner (5)

dT
2

+ lT1 −
(
dR
2

+ lR1

)
≥ Δl +Δdouter. (6)

Δdouter =
1

2

√
(dR + 2lR1)

2 + l2R2 · cos

(
arctan

lR2

dR + 2lR1
−Δθ

)
− dR

2
− lR1 (4)
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Fig. 7. Surface plot of dT satisfying misalignment tolerance requirements
under varying Δl and Δθ. (a) Three-dimensional view. (b) Projection of the
surface and intersection lines onto the XOY plane.

First, optimize the transmitter plate spacing dT. By setting
(5) as an equality and substituting varying levels of Δl and Δθ
into (3) and (5), the minimum dT values satisfying misalign-
ment tolerance requirements under different offset conditions
are obtained, as shown in the three-dimensional (3-D) surface
plot of Fig. 7(a). For practical implementation, the transmitter
plates must not overlap (dT > 0), so only the dT∈[0, 100 mm]
range of the dT = f(Δθ,Δl) surface is plotted. Addition-
ally, five planes ( dT = 10, 20, 30, 40, 50 m) intersect with
the dT = f(Δθ,Δl) surface. The intersection contours and
the surface’s projection onto the XOY plane are illustrated
in Fig. 7(b).

Analysis of Fig. 7 indicates that the coupler’s misalignment
tolerance is limited, and a smaller dT allows a larger allowable
misalignment range. Considering the requirements to minimize
C12 and ensure safe voltage withstand capability, dT is selected
as 30 mm.

Next, analyze the transmitter plate width lT1. Similarly,
substituting varying Δl and Δθ into (3)–(5) yields the
lT1 dataset shown in Fig. 8(a). In Fig. 8(a), five planes
(lT1 = 200, 220, 250, 270, 300 mm) intersect with the lT1 =
f(Δθ,Δl) surface. The intersection contours and the surface’s
projection onto the XOY plane are presented in Fig. 8(b). The
black solid line in Fig. 8(b) represents the projection of the

Fig. 8. Surface plot of lT1 satisfying misalignment tolerance requirements
under varying Δl and Δθ. (a) Three-dimensional view. (b) Projection of the
surface and intersection lines onto the XOY plane.

intersection curve between dT = 30 mm and dT = f(Δθ,Δl)
onto the XOY plane. The region bounded by this curve and
the coordinate axes defines the misalignment tolerance range
determined by dT = 30 mm.

Analysis of Fig. 8 indicates that larger lT1 values allow
greater receiver plate misalignment tolerance. However, since
the overall misalignment tolerance is jointly governed by
lT1 and dT, increasing lT1 beyond 270 mm no longer en-
hances misalignment resilience. Consequently, lT1 is selected
as 270 mm.

The transmitter plate length lT2 must satisfy (7) and (8), where
N denotes the number of loads

d ≥ 2Δl (7)

lT2 ≥ N · d+N · lR2. (8)

C. Equivalent Electric Circuit Model of SIMO Coupler

As shown in Fig. 9(a), a finite element analysis (FEA) model
of the SIMO coupler was established in ANSYS Maxwell
software. Both transmitter and receiver plates were modeled
as aluminum, with the insulating layer material defined as
FR4_epoxy. A sufficiently large solution domain was set to
ensure the accuracy and convergence of the simulation results.
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Fig. 9. (a) FEA model, capacitance. (b) Equivalent electric circuit model of
SIMO coupler.

The ac conduction solver was selected to calculate the coupling
capacitance between plates, with the solution frequency set to
500 kHz. The simulation results are summarized in the table
within Fig. 9(a), where T1 and T2 are the transmitter plates, R1-i
and R2-i are the receiver plates of the ith load (i = 1, 2, 3), and
the numbers in the squares indicate the capacitance between the
corresponding plates.

Analysis of the simulation results reveals that the capaci-
tances between the transmitter plates and their corresponding
receiver plates, as well as the capacitance between the two
transmitter plates, are significantly larger than other stray capac-
itances. Therefore, stray capacitances can be neglected during
circuit analysis, allowing the establishment of the SIMO coupler
equivalent circuit model shown in Fig. 9(b). In this model,
C12 represents the capacitance between transmitter plates T1
and T2, CS1−i and CS2−i denote the capacitances between the
transmitter plates and the receiver plates of the ith load. The
SIMO coupler is designed for scenarios where multiple UAVs
are charged after landing. Due to the relatively tight coupling
between the transmitter and receiver plates, the model remains
effective unless the receiver plates are significantly displaced
beyond the alignment range of the transmitter plates or overlap
with two transmitter plates simultaneously.

Fig. 10. Architecture of the SIMO CPT system.

III. RESONANT NETWORK DESIGN AND CHARACTERIZATION

OF SIMO CPT SYSTEMS

A. System Requirements Analysis for SIMO CPT Architecture

Fig. 10 illustrates the architecture of the SIMO CPT system,
whereU in represents the fundamental component of the inverter
output voltage, Zin denotes the system impedance, UR is the
voltage between the transmitter plates, andRBat is the equivalent
resistance of the UAV battery [36]. The objective of charging
multiple UAVs simultaneously using a single transmitter im-
poses specific requirements on both the transmitter and receiver
sides of the SIMO system.

Transmitter-Side Requirements: Constant transmitter plate
voltage and load-adaptive ZPA. The multiple receiver sides
connected in parallel to the transmitter plates necessitate stable
transmitter plate voltage to achieve load decoupling and ensure
independent charging for each UAV. During the charging pro-
cess, the equivalent resistance RBat of the UAV battery varies
dynamically, and the randomness of UAV charging introduces
load switching events. The transmitter side must maintain ZPA
under these operating conditions to improve energy transfer
efficiency.

Receiver-Side Requirements: Current source behavior and
load decoupling capability. The receiver side must exhibit con-
stant current (CC) characteristics, maintaining stable output
current despite variations in the equivalent resistance during
UAV charging to meet fast-charging requirements. Addition-
ally, decoupling between multiple loads is essential to ensure
independent charging processes for each UAV without mutual
interference.

B. Resonant Network Design and System Characterization

Based on the conclusions drawn in Section III-A, this section
will separately design the resonant networks for the receiver and
transmitter sides and present the fundamental characteristics of
the system.

1) Receiver-Side CLL Network. CC Output and Purely Resis-
tive: As shown in Fig. 10, all loads are connected in parallel with
identical resonant network topologies. For simplicity, detailed
analysis is performed for a single load, and the results can be
generalized to other loads.

The equivalent circuit of a single load on the receiver side
is shown in Fig. 11, where ZRi represents the equivalent
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Fig. 11. Equivalent circuit of a single load on the receiver side.

impedance of the receiver side for this load, CS is the series
equivalent capacitance of CS1 and CS2, LS and LR are the
resonant inductors, CR2 is the resonant capacitor, and RLi

denotes the equivalent ac resistance of the load

CS =
CS1CS2

CS1 + CS2
, RLi =

8

π2
RBati. (9)

CS and LS in series can be equivalent to the capacitance CR1,
i.e.,

CR1 =
CS

1− ω2LSCS
. (10)

Then, Iout and ZR can be expressed as

Iout =
jXLR

(RLi − jXCR2) (jXLR − jXCR1)− jXCR1 · jXLR
UR

(11)

ZRi =
(RLi − jXCR2) (jXLR − jXCR1) +XCR1XLR

RLi + j (XLR −XCR2)
(12)

where XCR1 = 1/ωCR1, XCR2 = 1/ωCR2, XLR = ωLR.
If the values of CR1, LR, and CR2 satisfy the formula

XCR1 = XCR2 = XLR. (13)

Then, (5) and (6) can be reduced to

Iout = j
UR

XCR1
(14)

ZRi =
XCR1XLR

RLi
. (15)

2) Transmitter-Side LCLC Network. Constant Voltage Out-
put and Load-Adaptive ZPA: Next, the resonant network on the
transmitter side is designed. The fundamental equivalent circuit
of the transmitter side is shown in Fig. 12, whereLT1 andLT2 are
the resonant inductors, CT1 and CTp are the resonant capacitors,
U in = 2

√
2U dc/π, andZR represents the equivalent impedance

Fig. 12. Equivalent circuit on the transmitter side.

of the parallel-connected receiver sides, expressed as

ZR =
1∑N

i=1
1

ZRi

. (16)

CT2 is the parallel equivalent capacitance of CTp and C12,
i.e.,

CT2 = CTp + C12. (17)

LT1, CT1, and LT2 form a T-shaped network, then UR and
Zin can be expressed as (18) and (19) shown at the bottom of
this page, where XCT1 = 1/ω CT1, XCT2 = 1/ω CT2, XLT1 =
ωLT1, XLT2 = ωLT2

If the values of LT1, CT1, LT2, and CT2 satisfy

XLT1XLT2 −XLT1XCT1 −XLT2 XCT1 = 0

XLT2 −XCT2 −XCT1 = 0. (20)

Then, (18) and (19) can be reduced to

UR = − XLT2

XLT1
U in = −XCT1

XCT2
U in (21)

Zin =
XLT1

2

XLT2
2 ZR =

XCT2
2

XCT1
2 ZR. (22)

3) Fundamental Characteristics of LCLC-CLL Topology
SIMO CPT System: The fundamental equivalent circuit of the
complete LCLC-CLL topology SIMO CPT system is illustrated
in Fig. 13. It should be noted that the figure depicts only one
receiver-side circuit in detail, which does not compromise the
analytical accuracy.

Substituting (15) and (16) into (22), the input impedance
expression of the system can be derived

Zin =
XLT1

2

XLT2
2 · 1∑N

i=1
RLi

XCR1XLR

(23)

where N is the total number of loads.

UR =
−XCT1

ZR·−jXCT2
ZR−jXCT2

XLT1XLT2 −XLT1XCT1 −XLT2XCT1 + (XLT1 −XCT1)
ZR·−jXCT2
ZR−jXCT2

U in (18)

Zin =
j ZR·−jXCT2
ZR−jXCT2

(XLT1 −XCT1) +XLT1XCT1 +XLT2XCT1 −XLT1XLT2

ZR·−jXCT2
ZR−jXCT2

+ jXLT2 − jXCT1

=
ZRXCT2 (XLT1 −XCT1) + (XLT1XCT1 +XLT2XCT1 −XLT1XLT2)ZR − jXCT2

XLT2XCT2 −XCT1XCT2 + jZR (XLT2 −XCT2 −XCT1)
. (19)
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Fig. 13. Fundamental wave equivalent circuit of LCLC-CLL topology SIMO
CPT system.

TABLE II
SIMO CPT SYSTEM PARAMETERS (N = 3)

Substituting (21) into (14), the expression for the load charg-
ing current can be obtained

Iout = −j
1

XCR1
· XLT2

XLT1
U in. (24)

Through comprehensive analysis of (21), (23), and (24), the
designed LCLC-CLL topology SIMO CPT system exhibits the
following characteristics when satisfying resonance conditions
(13) and (20).

1) CC Output on Receiver Side: The system provides stable
charging current even when the equivalent resistance of
lithium batteries varies during charging.

2) Load-Adaptive ZPA on Transmitter Side: The input
impedance remains purely resistive regardless of load
resistance variations or load quantity changes, effectively
reducing reactive power and improving energy transfer
efficiency.

3) Constant Transmitter Plate Voltage: Load decoupling is
achieved, ensuring each load’s charging process remains
unaffected by other loads.

C. Integrated System Design Methodology

Fig. 14 illustrates the integrated design methodology for the
UAVs-CWC system, with red numerals indicating the equation
numbers referenced at each step. Table II presents the system
parameters designed according to this methodology.

Specifically, the first step in system design is the design and
modeling of the SIMO electric field coupler. At this stage, the

structure and quantity of UAVs to be charged must be considered
to determine the dimensions of the receiver plates and the
configuration of the transmitter plates, as well as the material and
thickness of the insulating layer. Based on this, the equivalent
circuit parameters of the coupler (CS and C12) are obtained
through FEA simulation.

Next, the circuit parameters of the system need to be designed.
The input voltage U in, charging current Iout, and operating
frequency f are determined according to the UAV charging
requirements and practical conditions. Then, LT1 and LT2 are
tentatively selected based on experience, and LT1, LT2, and
U in are substituted into (15) to calculate the voltage between
the transmitter plates UR and other circuit parameters. After
calculation, it is necessary to verify whether the obtained com-
pensation parameters are practically feasible. If adjustments are
needed, the values are revised and recalculated.

Finally, the misalignment tolerance of the coupler is opti-
mized. The dimensions of the receiver plates (lR1, lR2, and
dR) determine the upper limit of the coupler’s misalignment
tolerance. Based on this, the optimized transmitter plate di-
mensions (lT1 and dT) and the maximum misalignment range
that maintain stable coupling capacitance can be determined.
Combining this with the maximum number of charging loads
N , the length of the transmitter plates is obtained (this study
adopts monolithic transmitter plates).

IV. MULTILOAD PERFORMANCE ANALYSIS OF THE SYSTEM

A. Loss-Aware Efficiency Analysis for Multiload System

Energy transfer efficiency stands as one of the most critical
performance metrics for wireless charging systems, necessitat-
ing the consideration of circuit component losses in its analysis.
Fig. 15 illustrates the fundamental equivalent circuit of the
multiload system incorporating component losses, where RLT1,
RLT2,RLS, andRLR represent the internal resistances of resonant
inductors, and RCS denotes the equivalent resistance accounting
for dielectric losses in the SIMO coupler’s insulating layer under
alternating electric fields. Analysis of Figs. 13 and 15 indicate
that the former can be considered a special case of the latter
when all loss factors are neglected. Thus, the energy transfer
efficiency analysis can be developed based on the framework
established in Section III-B.

Specifically, accounting for losses in receiver-side compo-
nents. The term−jXCR1 in (11) and (12) is replaced withRLS +
RCS − jXCR1, and jXLR is substituted with RLR + jXLR. This
yields the modified Iout expression (25), shown at the bot-
tom of the next page, and ZRi (26), shown at the bottom of
the next page. Similarly, for the transmitter side. The terms
jXLT1 in (18) and (19) are replaced with RLT1 + jXLT1, and
jXLT2 is substituted with RLT2 + jXLT2 , resulting in (27) and
(28), shown at the bottom of this page. By utilizing these four
governing equations, the parameters ZR, Zin, UR, I in, and Iouti

can be subsequently derived through sequential computation.
This systematic approach ultimately enables the expression of
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Fig. 14. Integrated design methodology for the UAVs-CWC system.

Fig. 15. Fundamental equivalent circuit of the multiload system incorporating
component losses.

the multiload system efficiency as

η =

∑N
i=1 |Iouti|2RLi

Re (U inI in
∗)

. (29)

It should be noted that the multiple load resistances RLi in
(29) are not necessarily the same. In actual charging scenarios,
when multiple loads use different types of batteries or are in
different states of charge (SOC), their corresponding equivalent
load resistances will differ, which is an unavoidable operating
condition. A variable α is introduced to represent the load
imbalance degree. Taking a three-load system as an example, the
three loads can be R/α, R, and αR, respectively. A calculation

program was written in MATLAB based on (25)–(29), where
other parameters remain consistent with those in Table II, while
the three load values are set to R/α, R, and αR to calculate the
variation of key characteristic values of the system with α. The
calculation results are shown in Fig. 16.

Analysis of Fig. 16 shows that load imbalance will af-
fect the energy transfer efficiency of the system. As the load
imbalance degree increases, although the total output power
of the system increases, the energy transfer efficiency shows
a downward trend. In addition, the load imbalance degree
also affects the system impedance angle and transmitter plate
voltage, but the impact is small under resonant operating
conditions.

B. Simulation-Based Validation of Load Decoupling
Capability

In UAV swarms, individual drones frequently operate at dif-
ferent SOC, necessitating staggered landing and departure times
at charging stations. This requires the UAVs-CWC system to
achieve effective interload decoupling, ensuring that the charg-
ing process of each UAV remains unaffected by other loads
while simultaneously preventing interference with the charging
of other drones.

Iout =
RLR + jXLR

(RLi − jXCR2) [RLS +RCS +RLR + j (XLR −XCR1)] + (RLS +RCS − jXCR1) (RLR + jXLR)
UR (25)

ZRi =
(RLi − jXCR2) [RLS +RCS +RLR + j (XLR −XCR1)] + (RLS +RCS − jXCR1) (RLR + jXLR)

RLi +RLR + j (XLR −XCR2)
(26)

UR =
−XCT1XCT2 − jXCT1ZR

ZR − jXCT2

{
[(RLT1 + jXLT1) (RLT2 + jXLT2) +XCT1 (XLT1 +XLT2)− jXCT1 (RLT1 +RLT2)]

+ (XLT1−XCT1)XCT2ZR−jRLT1XCT2ZR

ZR−jXCT2

}U in (27)

Zin =

ZRXCT2(XLT1−XCT1)−jXCT2ZRRLT1

ZR−jXCT2
+

[
(RLT1 + jXLT1) (RLT2 + jXLT2) +XCT1 (XLT1 +XLT2)

−jXCT1 (RLT1 +RLT2)

]
ZR·−jXCT2
ZR−jXCT2

+RLT2 + j (XLT2 −XCT1)
. (28)
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Fig. 16. Variations of (a) output power, efficiency, (b) impedance angle, and
transmitter plate voltage of the multiload system with load imbalance degree.

Fig. 17. Simulation waveforms of dynamic load switching.

To validate the load decoupling performance of the proposed
UAVs-CWC system, a three-load circuit simulation model was
implemented in MATLAB/Simulink based on the topology de-
fined in Fig. 2 and the parameters detailed in Table II. The simu-
lation protocol initiated with all three loads actively connected in
the circuit. At 0.1 s simulation timestamp, Load #2 was intention-
ally disconnected from the network, followed by the controlled
removal of Load #3 at 0.2 s. Subsequent system reconfiguration
involved the deliberate reconnection of Load #2 at 0.3 s and the
strategic reintegration of Load #3 at 0.4 s. Throughout the exper-
imental sequence, the dynamic responses of both the rectified
voltage UR and the output currents Iout_dci, (i = 1, 2, 3) were
continuously monitored, with their temporal waveforms system-
atically documented and graphically represented in Fig. 17.

As clearly demonstrated in Fig. 17,UR maintains exceptional
stability regardless of dynamic variations in the quantity of

Fig. 18. Single-load prototype system.

TABLE III
EXPERIMENT SYSTEM PARAMETERS

charging loads. Particularly noteworthy is the observed charac-
teristic that the charging current of Load #1 remains unaffected
by the sequential connection/disconnection operations of Loads
#2 and #3. This empirical evidence conclusively verifies the
independent charging operation of individual loads, with the
UAVs-CWC system successfully attaining effective load decou-
pling through its innovative topological configuration.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Experimental Platform

A single-load prototype system, as shown in Fig. 18,
was first constructed. The prototype consists of a dc power
supply (INFY POWER REG75035), a SiC MOSFET (Infi-
neon IMZ120R045M1XKSA1)-based full-bridge inverter, a
transmitter-side resonant network (LT1, LT2, CT1, and CTp),
two aluminum transmitter plates, two epoxy resin insulat-
ing boards, two aluminum receiver plates mounted on a
UAV mockup, a receiver-side resonant network (LS, LR, and
CR2), a SiC Schottky barrier diodes (Wolfspeed C4D20120D)-
based rectifier, and a programmable electronic load (ITECH
IT8900A). The resonant capacitors employ film capacitors
with superior high-frequency characteristics, while the res-
onant inductors are air-core designs consisting of PVC
cylinders wound with Litz wire. Power analyzers (ZLG
PA5000H) and oscilloscopes (ZLG ZDS3024 Plus) were used
to measure power parameters and observe waveforms during
experiments.

The parameters of the experimental prototype are listed in
Table III. It should be noted that discrepancies exist between
the designed and actual values of certain parameters. This arises
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Fig. 19. System waveforms and power/efficiency metrics. (a) AC waveforms
of inverter output and rectifier input under steady-state operation. (b) Power and
efficiency at rated output capacity.

from two factors: air gaps between the plates and insulating
layers in the fabricated SIMO coupler, which result in measured
CS1 and CS2 values being lower than simulated values under
identical dimensions, and intentional slight detuning of certain
inductors from their resonant values to achieve zero-voltage
switching (ZVS) for reduced inverter losses, thereby making
the input impedance Zin weakly inductive.

B. Power Transfer Capability Test

To evaluate the power transfer capability and efficiency of the
UAV wireless charging system, power transfer capability tests
were first conducted. The system’s operational waveforms and
power/efficiency metrics during stable operation are depicted in
Fig. 19. Fig. 19(a) displays the ac voltage and current waveforms
of both the inverter and rectifier under steady-state conditions.
The sinusoidal inverter output current exhibits a smooth profile
with slight phase lag relative to the voltage waveform, confirm-
ing successful ZVS implementation. Fig. 19(b) quantifies the
system’s power transfer performance at rated capacity, demon-
strating a dc output power of 551.6 W with 89.06% dc–dc
efficiency. These metrics represent state-of-the-art performance
levels among contemporary CPT-based wireless charging sys-
tems for UAV applications.

Fig. 20. Efficiency versus output power.

The energy transfer efficiency was measured at different
output power levels, and the power-efficiency curve is plotted in
Fig. 20. The system delivers an adjustable output power ranging
from 54.49 W to 709.9 W, capable of meeting the charging
requirements of various UAV models. The efficiency remains
above 85% across the entire power range, peaking at 89.06% .

C. Misalignment Tolerance Validation

Misalignment tolerance stands as a critical performance met-
ric for UAV wireless charging systems. This capability was
evaluated through both open-loop prototype experiments and
finite element-circuit cosimulations to validate the misalignment
resilience of the proposed UAVs-CWC system.

It should be clarified that, as shown in Fig. 18, the transmitter
plates provide ample spatial allowance along their longitudinal
axis. Consequently, the system inherently demonstrates superior
horizontal misalignment tolerance along this direction, which
is not explicitly tested. Experimental investigations focused
exclusively on horizontal misalignment along the transmitter
plates’ transverse axis.

Regarding rotational misalignment, the central symmetry of
the plate geometry and the nonpolar configuration of the receiver
plates ensure that rotational misalignment performance within
the [0, 90◦] range is universally applicable to the full 360°
circumferential scope.

1) Horizontal Misalignment: The UAV was displaced along
the transverse axis of the transmitter plates while recording
variations in system output power and efficiency. Concurrent
cosimulations in ANSYS Maxwell and MATLAB/Simulink
replicated this process to track simulated power variations.
Experimental and simulated results were normalized and col-
lectively presented in Fig. 21(a). It demonstrates that when the
receiver plate remains within the effective coupling region, the
experimental results exhibit complete agreement with theoreti-
cal analyses, maintaining stable wireless charging performance.
Using a 10% output power deviation threshold, the experi-
mentally validated horizontal misalignment tolerance range is
[−125 mm, 125 mm].

2) Rotational Misalignment: Similarly, Fig. 21(b) presents
experimental and simulated results for rotational misalignment
in a quarter circle. The data indicates that when Δθ ≤ 40◦,
the receiver plate remains within the effective coupling region
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Fig. 21. Simulation and experimental results of (a) horizontal and (b) rota-
tional misalignment (1/4 circle).

of the transmitter plates, maintaining stable output power and
transfer efficiency. Beyond Δθ > 40◦, both output power and
efficiency exhibit gradual decline, with a sharp decrease oc-
curring after Δθ > 65◦. Using the same 10% output power
deviation threshold, the experimentally validated rotational mis-
alignment tolerance is [0, 60◦]. Leveraging the central sym-
metry of the plate geometry, this tolerance can be extended to
[−180◦, −120◦]∪[−60◦, 60◦]∪[120◦, 180◦].

3) Safe Operating Area Classification: To provide clearer
operational guidelines, the receiver plate misalignment is clas-
sified based on output power variation levels: the angular range
maintaining essentially stable output power is defined as the
stable operating area, regions with ≤10% power reduction
constitute the safe operating area, and remaining areas are
categorized as the unsafe operating zone. The classification
results are presented in Fig. 22. A power reduction threshold
of ≤10% defines the system’s acceptable operational criteria,
thereby establishing both the stable operation area and safe
operation area as equivalent to its misalignment tolerance range.
Notably, the experimental platform was intentionally detuned
from the ZPA state to achieve ZVS for the inverter. This detuning
reduces the sensitivity of Iout to variations in CS, resulting in

Fig. 22. Classification of safe charging areas during UAV misalignment.

Fig. 23. Experimental platform for multiload experiment.

experimentally measured misalignment tolerance that exceeds
theoretical predictions.

D. Energy Efficiency of Multiload System

To validate the multiload power transfer performance of the
proposed UAVs-CWC system, a multiload prototype system
was constructed, as shown in Fig. 23. This prototype retains
all original components except for replacing the programmable
electronic load in Fig. 18 with ripple resistors and expanding
the load count to simulate simultaneous charging scenarios for
multiple UAVs.

Experimental measurements of the system’s total energy
transfer efficiency were systematically conducted under varying
load quantities. The acquired data from Table III were rigorously
applied to the theoretical framework established in Section III-A
to compute the system’s predicted energy transfer efficiency.
It should be specifically noted that the computational result
derived from (29) corresponds to ac–ac efficiency. To enable
direct comparison with experimental measurements, the calcu-
lated theoretical ac–ac efficiency was strategically converted to
dc–dc efficiency through the application of component effi-
ciency coefficients: 98% for inverter operation and 96% for
rectifier operation. This comprehensive set of efficiency char-
acteristics, encompassing both empirical and theoretical results,
is collectively presented in Fig. 24.

As observed in Fig. 24(a), the theoretical and experimen-
tal values of system efficiency demonstrate close alignment,
thereby confirming the accuracy of the preceding multiload



ZHANG et al.: SIMO CAPACITIVE POWER TRANSFER SYSTEM WITH ENHANCED MISALIGNMENT TOLERANCE 2939

Fig. 24. (a) Efficiency and (b) loss distribution of the multiload system versus
number of loads.

efficiency analysis. Simultaneously, the system maintains con-
sistently high energy transfer efficiency levels even as the load
quantity increases from one to three units. This performance
characteristic conclusively verifies the system’s capability to
provide simultaneous charging for multiple UAVs without sig-
nificant efficiency degradation.

Furthermore, loss distribution analysis across varying load
counts was performed following the methodology in reference
[37]. The results in Fig. 24(b) demonstrate that losses in passive
components (resonant inductors and capacitors) and couplers
consistently constitute the vast majority of total losses, with their
proportion exhibiting an increasing trend as the number of loads
rises.

Another fact is that the equivalent internal resistance of UAV
lithium batteries changes during the charging process, which
means that multiple loads being charged simultaneously are
highly likely to have unequal values. For this reason, multiple
unbalanced load charging experiments were conducted. The
theoretical and measured values of the system’s energy transfer
efficiency under these operating conditions are presented in
Fig. 25, where the numbers in the parentheses on the abscissa
represent the three actual load resistance values used in each
experiment. It should be noted that this experiment was carried
out at a power level lower than the rated power; therefore,
the measured efficiency is only used for horizontal comparison
under different load conditions and cannot fully reflect the
system’s performance. Analysis of this figure shows that the
overall energy transfer efficiency of the system is affected by
unbalanced loads, but it can still maintain a relatively high level
overall.

Fig. 25. Multiload system efficiency versus Imbalance loads.

Fig. 26. Circuit breaker interconnection scheme.

Fig. 27. Waveforms of the multiload dynamic switching experiment.

E. Multiload Dynamic Switching Experiment

To verify the load decoupling performance of the UAVs-CWC
system, circuit breakers were connected in series within the
power loops of Loads #2 and #3, as shown in Fig. 26. The
“open→close” transition of the circuit breakers simulates the
process of a UAV landing on the charging platform, while the
reverse operation emulates its departure.

Following the experimental procedure outlined in Section
III-B, the waveforms of UR and Iout_dci, (i = 1, 2, 3) were
recorded using an oscilloscope during the entire test and are
presented in Fig. 27, which reveals three key findings.
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TABLE IV
COMPARISON WITH PREVIOUS WORK

1) All three loads operated normally with consistent charging
performance at the experiment start.

2) The voltageUR and charging current of Load #1 remained
stable throughout the test. Although transient disturbances
occurred during load switching events, stable operation
was rapidly restored.

3) Loads #2 and #3 were effectively controlled by the cir-
cuit breakers, with their switching operations causing no
interference to other loads.

Experimental results confirm that the proposed UAVs-
CWC system exhibits excellent load decoupling capability,
demonstrating strong suitability for UAV swarm charging
applications.

F. Comparative Analysis With Prior Work

A performance comparison between the proposed UAVs-
CWC system and recent related studies is summarized in
Table IV. Note that due to space constraints, this table selectively
presents representative works based on WPT type and coupler
configuration to objectively demonstrate the advancements of
the proposed system in UAV wireless charging.

1) Power and Efficiency Perspective: The proposed system
achieves the highest output power (709.9 W) among all refer-
enced studies, satisfying diverse UAV charging power require-
ments. Its dc–dc efficiency (89.06% ) ranks highest in CPT-based
UAV charging systems and surpasses most IPT-based solutions,
being only slightly lower than [23].

2) Structural Compatibility: The proposed coupler demon-
strates superior structural compatibility compared to [10], [23],
[37], [38], and [27], supports more landing gear types than [19],
and ranks among the best implementations while maintaining
lightweight advantages.

3) Misalignment Tolerance: Without closed-loop control or
auxiliary alignment devices, the system achieves exceptional
horizontal misalignment tolerance. Under a 10% output power
variation threshold, its performance rivals [37]. For rota-
tional misalignment, it exhibits competitive tolerance without
requiring complex position detection or switching strategies
inherent to reconfigurable couplers.

4) Multiload Charging Capacity: The system’s key innova-
tion lies in its scalability and operational flexibility, enabling
simultaneous charging for variable numbers of loads – a capa-
bility absent in prior works.

In summary, the UAVs-CWC system delivers multidrone
wireless charging via a single transmitter, combining wide power
range, high efficiency, robust load decoupling, and exceptional
misalignment tolerance. These advancements significantly en-
hance flexibility and cost-effectiveness for UAV swarm opera-
tions.

VI. CONCLUSION

This article proposes a capacitive wireless charging system
for UAVs that can simultaneously charge multiple UAVs using
a single transmitter-side setup (power supply, inverter, and reso-
nant network). The SIMO electric field coupler fully utilizes the
landing pad and UAV landing gear to maximize the effective cou-
pling area, exhibiting excellent structural adaptability. Targeted
optimization significantly enhances its misalignment tolerance.
The proposed LCLC-CLL resonant network achieves constant
current output, load decoupling, and load-adaptive ZPA on the
transmitter side. Experimental results demonstrate that the sys-
tem achieves peak performance metrics of 709.9 W output power
and 89.06% transmission efficiency under single-load operation.
The operational tolerance spans horizontal misalignment within
[−125 mm, 125 mm] and rotational misalignment up to 240° in
a circle. The system exhibits robust multiload adaptability, sus-
taining high energy transfer efficiency during both load quantity
variations and multiload imbalance conditions, while demon-
strating superior load-decoupling capability. In summary, the
proposed UAVs-CWC system represents a creative application
of multiload CPT technology in UAV charging, providing an
ideal solution for UAV swarm charging.

Nonetheless, there remain issues to be resolved based on
the aforementioned research. The variation in the equivalent
internal resistance of lithium batteries during charging and the
randomness of load quantity affect the stability of the system’s
ZVS state and overall energy transfer efficiency. Thus, the
collaborative control and efficiency optimization of multiload
systems under large-scale load fluctuations will constitute the
subsequent research focus of our team.
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