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Abstract—This paper introduces a capacitive differential wire-
less power transfer (DWPT) architecture to efficiently charge an
array of unmanned aerial vehicles (UAVs) on a telecom tower as a
UAV airport. A switched capacitor (SC) based ladder differential
power processing (DPP) converter is utilized to regulate the
voltages of multiple series-stacked wireless charging modules
from a high-voltage DC bus. The half-bridge switches in the DPP
circuit are reused as an inverter in a capacitive power transfer
(CPT) system with a double-sided LC-compensation network,
featuring reduced semiconductor component count and device
stress. The capacitive coupling plates are integrated into landing
platforms and UAV landing gears for high coupling capacitance
and minimum influence on aerodynamics. An experimental
prototype and related design considerations are presented to
achieve high efficiency and ensure robust performance against
misalignments. The DWPT architecture is verified through an 8-
port DPP converter supporting up to 8 CPT charging modules.

Index Terms—differential power processing, capacitive wireless
power transfer, multi-port converter, wireless UAV charging

I. INTRODUCTION

Unmanned aerial vehicles (UAVs) are increasingly utilized
across various industries due to their versatility and efficiency.
They are promising to serve in agriculture for monitoring
crop health, in logistics for delivering goods, in surveillance
for enhancing security, and in environmental monitoring to
track changes in ecosystems. However, one of the primary
limitations hindering the broader deployment of UAVs is their
restricted operational time, affected largely by battery capacity.
As battery life limits the range and duration of flights, full
automation of UAV systems requires frequent landing and
recharging. Additionally, UAVs typically operate in fleets,
requiring them to be charged simultaneously.

Wireless power transfer (WPT) is an attractive technology
for charging UAVs because of its flexibility, safety features,
and convenience. As illustrated in Fig. 1, it is attractive to
place wireless UAV charging stations on telecom towers so
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Fig. 1. Principles of the differential wireless power transfer platform with
series-stacked UAV charging stations. Power is delivered from 400 V on the
ground to eight series stacked 50 V charging stations on the top of the tower.

UAVs can autonomously land on wireless charging transmit-
ters and start charging without physical connections or human
interactions, thus facilitating continuous operations of UAVs
and greatly extending the capabilities of UAVs in various
applications. WPT can be implemented with either induc-
tive coupling [2] or capacitive coupling [3]. Inductive power
transfer (IPT) uses a magnetic field to transfer power, while
capacitive power transfer (CPT) uses an electric field for power
delivery [4], [S]. Compared to IPT, CPT has the advantage of
eliminating the need for bulky magnetic components, reducing
the weight of the UAVs, and allowing for larger payloads to
be serviced. CPT receivers can also be integrated with UAV
structures such as landing gears, and the coupling between
the transmitter and the receiver is generally less susceptible
to misalignment [6]. One can also combine IPT and CPT
technologies to further improve the wireless power transfer
capability [7].

Traditional multi-access UAV charging systems do not
leverage the uniform charging profile of UAV fleets [8]-[10].
Differential power processing (DPP) is appealing when there is
a single high-voltage power source available to power multiple
devices with similar power needs [11], [12]. It features high
efficiency and high-power density, which have been validated
in various applications such as data center power supplies
[13], photovoltaic converters [14]-[16], battery balancers [17]-
[19], etc. DPP can inherently step down the input voltage,
alleviating voltage stresses on series-stacked loads and en-
abling high voltage power delivery. Rather than dealing with
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Fig. 2. An example multi-access wireless UAV charging system using a 400 V high voltage dc bus based on a grid-edge telecom tower ecosystem: (a)
the traditional architecture charging each UAV independently: (b) the proposed hybrid-switched-capacitor DWPT solution, using DPP for efficient power
distribution to each WPT module for UAV charging. The WPT modules and the DPP architecture are combined to reduce the component count and power
conversion stress. This architecture allows power delivery at high voltage (400 V) in the telecom towers and reduces the weight of the power delivery cables.
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Fig. 3. (a) An example of the load power distribution for an 8-port DPP converter. The total output power is 800 W and the average load power is 100 W. Each
load has less than 20% power variation from the average power. (b) The block diagram of an 8-port DPP converter demonstrates the power flow management.
400 V voltage bus is supplied as input and each load requires a 50 V dc voltage. (c) The DPP architecture based on a multi-winding transformer. (d) The

DPP architecture based on ladder switched capacitors.

the full power rating of each load, DPP aims to equalize
the differential power across loads, significantly minimizing
losses. The system efficiency of a DPP converter is determined
by the conditions of the loads [20].

Fig. 2 compares a conventional independent architecture
and the proposed differential wireless power transfer (DWPT)
architecture. The conventional solution utilizes several dec-
dc converters to reduce voltages from a 400 V high-voltage
dc bus. DWPT architecture links a series of WPT modules,
handling only the differential power among the modules.

This paper proposes a differential capacitive wireless
power transfer method that integrates WPT modules and
the switched-capacitor (SC) based ladder DPP converter to
efficiently charge multiple UAVs on the top of the telecom
tower. By combining and reusing the switches in both WPT
modules and the DPP converter, it reduces the number of
components, improves the power density, reduces the power
loss, and enables power delivery at a higher voltage (400 V vs.

48 V). The capacitive wireless power couplers are embedded
in both the landing platforms and the UAV landing gears to en-
hance coupling capacitance. A double-sided LC-compensation
network is implemented to optimize system efficiency and im-
prove tolerance to misalignment. The effects of misalignment
is thoroughly analyzed and the practical design considerations
of combining DPP and WPT are demonstrated. An 8-port
DWPT UAV charging array is built and tested to validate the
effectiveness of the proposed architecture and system design.

II. HYBRID SWITCHED-CAPACITOR WIRELESS POWER
TRANSFER WITH DPP

A. Principles and Comparisons of DPP Converters

Various DPP solutions have been employed for different
applications, especially for driving multiple loads with similar
power levels [13], [17]. WPT for UAV charging is well-suited
for DPP converters, as multiple UAVs, typically requiring
similar charging power, are often charged simultaneously.
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Fig. 4. (a) Standalone DWPT architecture with switches working independently for the DPP converter and the CPT modules. (b) Proposed integrated DWPT
architecture merges the DPP converter and the CPT modules together in one system to drive an array of series-stacked CPT transmitters and receivers. Both

inductive and capacitive wireless power transfer mechanisms are applicable.

Fig. 3 (a) illustrates an example of the load power distribution
in an 8-port DPP converter. The blue bars represent the power
requirement for each load, while the red bars represent the
difference between each load’s power and the average load
power. In this example, the power required by each load differs
from the average by less than 20%. Fig. 3 (b) demonstrates the
power flow in this 8-port DPP converter, which operates with a
400 V bus voltage and delivers a total output power of 800 W.
A bus current flows through all series-stacked loads, providing
them with equal power. Loads requiring less power will
redistribute the recess to those needing more through the DPP
converter. Ultimately, the dc voltage across each load balances
at 50 V, enabling the system to achieve inherent voltage step-
down from the high-voltage bus. In this scenario, the DPP
converter only manages less than 20% of the total output
power, significantly reducing power loss and device stress.
Fig. 3 (c) and (d) depict two common DPP architectures:
one utilizing a multi-winding transformer [13] and the other
based on switched capacitors [21]. The transformer-based DPP
converter offers benefits such as compact system design and
port-to-port galvanic isolation. However, the magnetic flux and
power coupling in a multi-winding transformer requires more
sophisticated phase-shift control, adding to design complexity
[22]. This paper specifically focuses on the SC-based ladder
DPP, leveraging its low component count, compact size, and
straightforward control. The operation principles of the SC-
ladder DPP are also correlated to the multitrack architec-
ture as presented in [23], [24], replacing the multi-winding
transformer coupling with capacitive wireless coupling. The

SC-based ladder architecture also equalizes the voltage stress
across all capacitors, ensuring that the dc voltages of the DPP
output capacitors match those of the switched capacitors.

B. Design of a CPT System for UAV Charging

A typical CPT module shown in Fig. 4 (a) consists of a half-
bridge inverter, LC compensators, capacitive couplers, and a
half-bridge rectifier. In UAV applications, the small area of the
coupling plate on the receiver end may lead to weak coupling,
making capacitive coupling attractive [6]. To deliver high
power despite the limited coupling capacitance, either high
frequency or high voltage is necessary. The LC compensator
acts as a voltage step-up matching network on the transmitter
side and a voltage step-down transformer on the receiver side,
aiming to increase the voltage across the capacitive coupler
and thus enhance the power level. To achieve higher power and
efficiency, multi-stage compensation networks such as LCLC
or CLLC may be utilized at the expense of a more complicated
circuit [25]. This paper uses a single-stage LC compensator
as an example to demonstrate the effectiveness of the DWPT
architecture. Additionally, the half-bridge circuit employed by
the DPP converter can also serve as a half-bridge inverter
that generates the high-frequency square wave fed into the
compensation network. The half-bridge rectifier, together with
the output capacitors, regulates the DC current supplied to the
UAV. This structure is replicated across all eight CPT modules
which are designated as Port #1 through Port #8.
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Fig. 5. Working principles of an 8-port DWPT converter: (a) Phase 1 when
the top side switches S, to Sg, turn on and high voltages are fed into CPT
modules; (b) Phase 2 when the bottom side switches Sy, to Sg;, turn on and
0V is fed into CPT modules.
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C. Proposed Integrated DWPT Architecture

The DPP converter and multiple WPT modules can be
combined as a DWPT architecture to deliver low-voltage
UAV charging power from a high-voltage bus. The standalone
DWPT architecture shown in Fig. 4 (a) has two sets of
switches working independently for the DPP converter and
the CPT modules, making the system bulky and lossy. The
proposed DWPT architecture enables combined usage of the
switches for DPP and WPT, leading to a significantly reduced
component count. Fig. 4 (b) demonstrates the integration of the
DPP switches with the CPT switches. Notably, the proposed
DWPT architecture is versatile and can be applied to both IPT
and CPT structures, with this paper emphasizing CPT as an
illustrative example.

The DPP converter shown in Fig. 4 (b) consists of eight
series-stacked DPP output capacitors Cj — Cy, seven switched
capacitors Cgy1 — Cawr, and sixteen series-stacked switches
S1a — Sgp, With “a” and “b” referring to the top and bottom
switch of each half-bridge unit. The output capacitors of the
DPP converter are reused as the input capacitors of the CPT
modules. Fig. 5 presents the DPP working principle for voltage
balancing at the input of each CPT module. In phase 1, when
the top switches S1, — Sg, of half-bridge circuits turn on as
depicted in Fig. 5 (a), the switched capacitor Cyp1 — Cewr
is connected in parallel with the capacitor C; — C%. As a
result, the capacitors C,, and Cl,y, jointly provide the input

voltage Vn to the CPT module. In phase 2, when the bottom
switches Sy, — Sgp of half-bridge circuits turn on as shown in
Fig. 5 (b), the switched capacitor Cy1 — Ceywr 1S connected
in parallel with the capacitor Cy — C§. Therefore, the input
port of the CPT module is shorted in this case, resulting in
zero applied voltage. The half-bridge circuit functions as the
inverter, generating a square wave for the CPT module by
periodically switching between phases 1 and 2 with equal
time duration. The switched capacitor C,,, serves as an
energy buffer, transferring charge between the two nearest
capacitors C,, and C,,4+1 and maintaining voltage balance for
all DPP output capacitors. Differential power is transferred
between two adjacent ports, resulting in the intrinsic balancing
of voltages. When the transmitter is not loaded, the power
consumption of the unloaded port is very low. The DPP
converter redistributes excess power from unloaded ports to the
other connected with UAVs, ensuring that high input voltage is
evenly distributed across the circuit. This allows for a balanced
and lower dc voltage at each individual port. The voltage
stresses of the DPP output capacitors and switched capacitors
are constantly kept at 50 V.

Cut-off switches S.; ~ S.g shown in Fig. 4 (b) are added
in series with CPT modules to mitigate large circulating
currents when the UAVs are not connected to the ports.
This addition is necessary because all half-bridge inverters
require continuous operation to maintain voltage balance in the
DPP converter. Consequently, square waves are continuously
supplied to the CPT modules, even in the absence of UAVS,
resulting in excessive power loss through the LC compensation
networks. This issue can be addressed by turning the cut-off
switches on when UAVs are present, and turning them off
when UAVs are not connected or fully charged. Although
the LC compensation network necessitates cut-off switches,
higher-order compensation networks may solve the issue of
circulating currents by exhibiting high impedance at no-load
conditions.

ITI. CAPACITIVE WIRELESS POWER TRANSFER FOR UAVS

Fig. 6 (a) shows a single CPT module with the capacitive
coupler, represented by two series-connected mutual capacitors
Cm1 and Cy,2, and two parallel self-capacitors Cj,; and
Cin2. Two external capacitors Cey1 and Ceyo are connected
in parallel with Cj,; and Cj,2 to increase the equivalent self-
capacitance and resonate with the series inductors L, and L,
to create the high voltage. Fig. 6 (b) illustrates the design of
the capacitive coupler. The transmitter side has two terminals
T3 and T3 that are designed as the two metal landing platform
plates covered with the insulator. The receiver side has two
terminals R; and R integrated into two landing gears of the
UAV.

A. Characteristics of the CPT System

Fig. 7 (a) shows a simplified CPT circuit model modified
from Fig. 6 (a). The method of fundamental harmonics approx-
imation (FHA) is used to replace the input square wave with a
pure sinusoidal wave and the output half-bridge rectifier with



IEEE TRANSACTIONS ON POWER ELECTRONICS: REGULAR PAPER

s S
LC Compensator
Receiver Side

LC Compensator
Transmitter Side

Landing Gears
f=]

Isolated Metal Plates

(b)

Fig. 6. (a) The schematic of the designed CPT system with a half-bridge
inverter, half-bridge rectifier, capacitive coupler, and a double-sided LC
compensator. (b) Capacitive coupler design based on metal plates and the
landing gears of the UAV.

an equivalent resistor, resulting in equivalent ac output resis-
tance Rp = Rge X 2/7.'2. The equivalent ac rms input voltage
i8 Vin1 =Vin % \/ﬁ/w. The equivalent coupling capacitance is
Cimn=Cm1Cm2/(Crni1+Chz). The equivalent self-capacitance
on the transmitter side can be expressed as Cp,=Cop1+Cin1.
while the equivalent self-capacitance on the receiver side is
Cs = Cez2 + Cina. In UAV applications, the weak cross-
coupling between landing platforms and landing gears results
in relatively smaller C;,1 and Cj,2 compared to Cez1 and
Cleso. Hence, it is reasonable to assume that ', ~ Cr1 and
Cs = Cex2. Vp and V, represent the voltages across self-
capacitance Cp and Cy. Vi,1 and V,,2 represent the voltage
across the coupling capacitance Cypn,1 and Chya. Ling and Ioye
represent the currents flowing into and out of the compensation
network. They also denote the currents flowing through com-
pensation inductors L, and L,. Fig. 7 (b) shows the behavioral
circuit model where the capacitive coupling is represented by
two voltage-controlled current sources. The self-capacitances
are expressed as Cy = Cp+Cp, and Cy = Cs + Cyp, while
the coupling coefficient is defined as k. = Cp,//C1C3. If
the compensation network is symmetrically designed, the self-
resonant frequency is wo = 1//LyC1 = 1/v/LCo.

To analyze the output voltage and current, the KCL equa-

Fig. 7. (a) Simplified circuit model of the system. (b) Circuit behavioral
model of the system.

tions are obtained with the admittances of the components [5]:

Yip  (Vini —Vp) + Y - Ve =V, - Y
Yoo (Voutn — Vi) + Y - Vp =V, - Yo (1)
Yie- (P’s - I”’m.-.ill) = Vout 1/—RL

where Yo, Y1p, Yie, Y1, Y2 and Yir denote the admittance

of Cyn. Ly, L. Cq,Cy and Ry, respectively.
The voltage gain G, = Vpur1/Vin1 can be expressed as:

_ YipYisYom
(V1Y — Y )Wae + (ViYo2 — Y 2) Vi,

Gy (2)

where Y7 = Yz, + Y1 and Yo = Y. + Yoo, When the
voltage gain is independent of the load Ygr, the output can

be constant voltage (CV). The magnitude of the voltage gain
and the frequency in CV mode are:

G |=,=2
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The transconductance G; = I,u1/Vin1 can be expressed as:
YipYes¥Ym

G = —— ~ — . . .
T (MYa — Ym?) + (Y1Ye2 — Y)Y RL

“4)

When the transconductance is independent of the load Ry,
the output can be constant current (CC). The magnitude of
the transconductance and the frequency in CC mode are:

WeeCn (1 — K2)

i )

|Gil =
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TABLE I
PARAMETER DESIGN

Parameter Value Parameter Value
Vin 400 V Vout 50V
Jow 1.5 MHz ke 18.2%
Ly 5.0 uH Ls 5.0 pH
Cp 2250 pF Cls 2250 pF
Cn1 1000 pF Crm2 1000 pF

B. Parameter Design

When a UAV lands on the platform, the landing gears
and the landing platform are close to each other, thus the
system can achieve a significantly greater coupling capaci-
tance compared to other CPT applications such as Electric
Vehicle (EV) wireless charging [5]. For a similar resonant
frequency and coupling coefficient, this enhanced coupling
capacitance allows for a compensation network design with
larger capacitance in parallel and reduced inductance in series.
For typical CPT applications, the capacitance is in the nF range
and the inductance is in the yH range. The size and weight
of the system are mostly affected by the inductor. Therefore,
reducing the inductance can help to mitigate the additional
size and weight of the UAV, thus maintaining the aerodynamic
performance of the UAV.

The SC-based DPP converter necessitates a consistent
switching frequency across all half-bridge circuits, making
individual frequency modulation impractical for each CPT
module. The potential misalignment or foreign objects be-
tween the capacitive couplers can greatly impact the coupling
capacitance. If the selected resonant frequency is correlated to
the coupling capacitance, any deviation of resonant frequency
due to misalignment or foreign objects may decrease output
power and system efficiency. To address this challenge, the
ideal switching frequency should be the resonant frequency
of the LC compensation network, excluding the coupling
capacitors. This frequency can be expressed as:

1 1
o LGy \/I,(Ci—Cm)
1 1

N i % VIO ©
1
= T CWp = Wep2

The selected switching frequency is the same as the higher
resonant frequency we,2 for the CV operational mode. The
switching frequency is fixed across all operating conditions,
and the system operates in an open loop. Additional battery
management modules may be required between the DWPT
converter and the batteries of UAVs to regulate the charging
power.

To keep the CPT system symmetric and have a unity
gain, the component values of the compensation networks
are selected the same for both the transmitter side and the
receiver side, which yield L; = Ly and Cp = C,. All
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Fig. 8. Frequency and load characteristics of the designed CPT system with
a double-sided LC compensation network. (a) Magnitude of voltage gain
Gy. Two types of CV mode frequency are shown here. (b) Magnitude of
transconductance ;. One type of CC mode frequency is shown here. (c)
Phase of G, and G; with 0° for f.,;, —90° for f.. and —180° for f.,2.

the designed parameter values are shown in Table 1. The
individual capacitance between each plate and each landing
gear is 1000 pF, resulting in an equivalent 500 pF coupling
capacitance C,,. The coupling coefficient k. is designed
as 18.2%, striking a balance between CPT efficiency and
system volume. Fig. 8 shows the frequency characteristics
of the designed CPT system under different load conditions.
Fig. 8 (a) displays the magnitude of voltage gain GG, as a
function of the switching frequency, showcasing two types
of CV mode frequency: fep1 = wepr /27 = 1.25 MHz and
fevz = Weya/2m = 1.5 MHz. The latter frequency f.,o is
selected as the switching frequency of the system to minimize
the impact of fluctuating coupling capacitance. Fig. 8 (b)
shows the magnitude of transconductance (;, featuring one
type of CC mode frequency at f.. = wee/27 = 1.38 MHz.
Fig. 8 (c) shows the phase angle of both GG, and G; with 0°
at fcvln -90° at fcc.. and -180° at fc‘v2



IEEE TRANSACTIONS ON POWER ELECTRONICS: REGULAR PAPER

Transmitter Side Voltage Receiver Side Voltage Air Gap Voltage
800 T T 800 T T 800 T T
RL =200 RL =200 RL =200
600 —RL =100 600 F m———=RL=102|4 — 600} —RL=100|
s RL =50 RL =50 2 RL =50
= RL =30 RL =30 o RL =30
<400 f—— < 400} ZE 400 |
g E
200 “\ 200 { > 200
[ —
0 A A 0 A L 0 L L
200 300 400 500 200 300 400 500 200 300 400 500
Coupling Capacitance C_ (pF) Coupling Capacitance C_ (pF) Coupling Capacitance C_ (pF)
(a) (b) (c)
Transmitter Side Current 20 Receiver Side Current Input Phase Angle
s R = 205} RL =200 150 s R = 202 | |
15 =———RL =109 15t ——=RL=100|1 _ =——RL =109
—_ RL =50 - RL =50 o0 RL =59
< — RL = 30 < ——RL = 30 = 100 ——RL =30
S0 f— 10} g
] ‘_'O = ———
5 \'====——___—_________1 o =0
[ ——
0 i i U i L 0 L L
200 300 400 500 200 300 400 500 200 300 400 500
Coupling Capacitance C_ (pF) Coupling Capacitance C_ (pF) Coupling Capacitance C_ (pF)

(d)

(e)

®

Fig. 9. Effects of misalignment on the characteristics of the system: a) Voltage of the compensation capacitor on the transmitter side; b) Voltage of the
compensation capacitor on the receiver side; c) Voltage between two capacitive couplers; d) Current flowing through the compensation inductor on the
transmitter side; e) Current flowing through the compensation inductor on the receiver side; f) Phase angle between the input voltage and current.

C. Analysis of Misalignment Tolerances

Misalignment of couplers in a CPT system can lead to re-
duced output power, decreased system efficiency, over-voltage
risks, and potential device failure. Although the output voltage
is less susceptible to the misalignment under the selected
resonant frequency, understanding the impact of misalignment
is crucial for maintaining the safe and efficient operation of
the system. Misalignment typically occurs in two scenarios:
1) horizontal misalignment, where the UAV does not land
precisely on the designated spot of the landing platform,
reducing the coupling area; 2) vertical misalignment, caused
by foreign objects between the landing platform and the UAV’s
landing gear, increasing the distance between the couplers.
Both scenarios result in a coupling capacitance lower than the
intended design value.

The variation of coupling capacitance leads to changes in
the voltages and current across the compensation networks.
The analysis below is based on the designed parameters and
selected switching frequency f.,2 = 1.5 MHz, where the
output voltage is not affected by the coupling capacitance and
the load resistance. From the equivalent circuit model shown
in Fig. 7 (b), the receiver side capacitor voltage V, can be
expressed in terms of V1 as:

1
Ve = Vourn (14 57—-) )

Yoo Rp

where the voltage is affected by the load resistance and is
irrelevant to the coupling capacitance.

The transmitter side capacitor voltage 1, can be expressed
in terms of V.1 as:
Yi0s(Ya — Y, + YoVRL)

YinYLs

where the voltage is affected both by the load resistance and
the coupling capacitance.

For the symmetrical design, the couplers’ air gap voltages
Vin1 = Vina. They can be expressed in terms of Vi, as:
Vot = Voury Yie(Yo = Yip = Yin) + YRo (Yo — Yin)

2YmYrs
with the switching frequency fe,2, Y2 is equal to Y7, and the
equation can be further simplified as:

(8)

Ve = Vount

9)

. Yo
I”m.-.tl QY}n
where the voltage is affected by the coupling capacitance and
is irrelevant to the load resistance.
The transmitter side inductor current [;,;. the receiver side
inductor current I,,;;, and the input phase angle ¢;,, can be

expressed as:

Vint = Vinz = (10)

Iin: = (P}nl - P}.a} . Y—Lp
Tout1 = Vo1 - 1/—RL
91’71 = LVin1 — Ll

(11
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Fig. 9 illustrates the impact of varying coupling capacitance
Cp, due to misalignment in the CPT system, using the de-
signed parameters and switching frequency. Fig. 9 (a) shows
the voltage V), of the compensation capacitor on the transmitter
side, which increases as coupling capacitance decreases and
load power increases. Fig. 9 (b) presents the voltage V. of the
compensation capacitor on the receiver side, which rises with
increasing load power but remains unaffected by changes in
coupling capacitance. Fig. 9 (c) depicts the voltage V,,,; /V},,2
between the capacitive couplers which increases as coupling
capacitance decreases but is independent of load power. Fig. 9
(d) shows the current I;,; flowing through the compensation
inductor on the transmitter side, which rises as both coupling
capacitance decreases and load power increases. Fig. 9 (e)
presents the current I,,; flowing through the compensation
inductor on the receiver side, which increases with load power
but is unaffected by changes in coupling capacitance. Fig. 9
(f) shows the input phase angle of the system, which increases
with both reduced coupling capacitance and higher load power.

From this analysis, it is clear that the misalignment pri-
marily affects the transmitter side and the capacitive cou-
plers. The increased air gap voltage between the couplers
generates a stronger electric field distribution, necessitating
additional safety precautions. The higher voltage across the
transmitter side’s compensation capacitor results in increased
voltage stresses on external capacitors. Additionally, the rise in
inductor current on the transmitter side increases power losses
in both the inductor and switches, which can ultimately lead
to device failure. Despite the effects on the transmitter side,
the receiver side remains unaffected by misalignment. This
is advantageous for UAV applications, as UAVs are sensitive
to the weight and size of receiver components. Therefore, no
additional design considerations are necessary for the UAV
side to mitigate misalignment issues.

IV. ANALYSIS AND DESIGN FOR NO-LOAD CONDITIONS

The SC-based DPP converter requires the continuous op-
eration of all switches. Thus, high-frequency square waves
are always fed into all the CPT modules. However, this
can potentially lead to unintended circulating currents and
excessive power loss when certain modules are not actively
supplying power to the loads. The system typically encounters
two distinct no-load conditions: 1) when the landing platform
has no UAV present, causing the absence of the receiver
side in the CPT module; 2) when a UAV is sitting on the
landing platform but is fully charged, incapable of drawing
any additional power. Both of these conditions need to be
effectively addressed to reduce power loss and enhance the
overall system efficiency.

A. No-Load Condition 1: UAV is not present

Fig. 10 (a) demonstrates what occurs when no UAV is
docked on the charging platform, leading to the disconnection
of the UAV’s receiver side circuit. Additionally, the coupling
capacitors are not engaged due to the absence of the cou-
pling between the landing gear and the landing platform. In
this configuration, only the transmitter side’s compensation

.

a
Circulating Current

L Cumi

m2

(©)

Cut-off Switch

Fig. 10. (a) Equivalent circuit model under no-load condition 1 when UAV
is not present. (b) Equivalent circuit model under no-load condition 2 when
a UAV is present but not actively charged. (c) Proposed CPT circuit with a
cut-off switch to mitigate circulating currents.
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Fig. 11. Magnitude of input impedance and input phase angle with different
switching frequency under no-load condition 1, no-load condition 2 and 5¢2
output AC resistance Rj..

inductor L and capacitor Cj, remain connected in series with
the input. If the compensation networks are symmetrically
designed, the resonant frequency wy in this condition aligns
with the selected switching frequency, calculated in Equ. 6. It
is expressed as:

Wnl = Waw = Wew2 (12)



IEEE TRANSACTIONS ON POWER ELECTRONICS: REGULAR PAPER

(@ Gate Driver Circuits for S1, ~ Ssp

@ Switches 513 ~ Ssp

w01

(a) (b)

® Gate Driver Circuits for Sg; ~ Ses

@ Isolated Power Supplies

(c)

Fig. 12. The prototype of the main power board includes the DPP converter and the transmitter side of the CPT modules: (a) top side view; (b) bottom side

view without inductors; (c) bottom side view with inductors.

The resonant frequency of no-load condition 1 is the same as
the higher resonant frequency for the CV operational mode.
The input impedance of a CPT module is defined as:

Tr‘fi'r.-,l

Z- =
o Iml

(13)

The blue curve in Fig. 11 shows the input impedance under
no-load condition 1. Notably, the zero input impedance and
short circuit occur at 1.5 MHz switching frequency, potentially
leading to a substantial circulating current that could damage
the circuit.

B. No-Load Condition 2: UAV is present but not charging

Fig. 10 (b) depicts the case when a UAV is positioned on
the charging platform but is not actively charged. Under this
circumstance, the load does not draw any current from the
CPT module and the compensation inductor L, is detached
from the circuit. However, a circulating current continues to
flow through the remaining circuit components. The resonant
frequency wy,2 for this specific condition is calculated as:

1
\/Lp(cp +Cm1 //CS//Cm2)
1

Wn2

\/Lp(cl —Cm) + %

B ) ) (14)
\/c; Ca—Cu? /LpCh
C1C2
1

— Wy = W
f%]_—kc2 ce

The resonant frequency of no-load condition 2 is the same as
the resonant frequency for the CC operational mode.

The red curve in Fig. 11 shows the input impedance under
no-load condition 2. Although the short circuit hazard does not
appear here, the magnitude of input impedance remains low at
1.5 MHz switching frequency, resulting in excess circulating
currents and large power loss. Therefore, it is necessary to

Fig. 13. The prototype of the receiver board includes a LC compensation
network and a half-bridge rectifier: (a) top side view; (b) air core inductor.

|Copper Foill | Insulation 'I'alpcl

| Polycarbonate Sheet |

Fig. 14. Prototype of the capacitive coupler design. The transmitter plate
consists of a PCB with a single copper layer serving as the conductor and
a layer of solder mask acting as the insulator. The receiver plate is adapted
from the UAV landing gear and features a polycarbonate frame encased in a
single layer of conducting copper foil for conduction and a single layer of
Kapton® tape for insulation.

implement strategies to mitigate these circulating currents and
enhance system efficiency across all conditions.

C. Addition of Cut-off Switch

The presence of the circulating current in no-load conditions
1 and 2 leads to significant power loss and potential short cir-
cuit risks. To address this problem, a cut-off switch is included
in the returning path of each CPT module as shown in Fig. 10
(c). When the battery needs to be charged and power needs
to be extracted from the CPT system, the cut-off switches are
switched on. When no load condition 1 or 2 occurs, the cut-
off switch are switched off and the transmitter side exhibits
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DC Bus

(b)

Fig. 15. Examples of load configurations: (a) Port #1, #3, #5 and #7 are
connected with UAVs in an interleaved DPP operation; (b) Only Port #4 is
connected with UAV, while all other ports remain inactive.

high impedance at the switching frequency, preventing any
circulating currents and associated losses in the system. A
switch with low turn-on resistance and relatively small drain-
source capacitance is desirable for the cut-off switch.

V. EXPERIMENTAL VERIFICATION
A. Experimental Setup

An eight-port DWPT converter is designed and tested to
step down the voltage from 400 V to 50 V. The wireless
charger output voltage is also 50 V. The entire system is
a combination of three parts: a main power board, multiple
receiver boards, and arrays of capacitive couplers. The main
power board, shown in Fig. 12, contains eight series-stacked
half-bridge circuits which form the backbone of the DPP
converter. Each of these half-bridge circuits is linked to one
of the eight CPT modules by means of a cut-off switch, an
LC compensation network, and a DPP output capacitor. In
addition, there are seven switched capacitors, which together
with the series-stacked half-bridge circuits function as the SC-
DPP, facilitating voltage balancing. These half-bridge circuits
simultaneously function as the inverters for the CPT modules.
GaN Systems 100 V, 38 A (GS61004Bs) GaN switches are
utilized as the switching devices, operating at 1.5 MHz with
a fixed 50% duty ratio. All half-bridge circuits are controlled
by one pair of complementary pulse-width-modulation (PWM)
signals with 50% duty ratio and the system operates in an
open loop. An isolated power supply (ISE0505A) along with

Fig. 16. Experimental setup for four ports operation, including a main board
connected to landing platforms, four capacitive couplers built from landing
gears and platforms, four receiver boards on top of UAVs, four adjustable
resistors as loads, and a high-voltage DC power source.

an isolated half-bridge gate driver (2EDF7275K) is used in
the gate driver circuitry to drive the half-bridge switches
with series-stacked floating grounds. GaN Systems 100 V,
90 A (GS61008Ps) GaN switches are utilized as the cut-off
switches for all CPT modules, which are turned on when an
output port is loaded, and turned off at no load conditions to
prevent circulating currents. A Digital Isolator IL711 and a
low-side gate driver LM5114 are used to drive each of these
cut-off switches. The cut-off switch is placed to share the
same floating ground as the bottom switch in the half-bridge
circuit, reducing the complexity of the gate driver circuit. The
DPP output capacitors and the switched capacitors are both
132 pF. The component values of the compensation network
are selected the same as in Table I with a 2250 pF capacitance
and a 5 pH inductance on the transmitter side. Fig. 12 (a)
shows the top side view of the main board including the half-
bridge circuits, the switched capacitors and the transmitter side
capacitors. In Fig. 12 (b), the bottom side view of the main
board is presented which includes the cut-off switches and
the DPP output capacitors. The placement of the transmitter
side inductors on the bottom side of the main power board is
shown in Fig. 12 (c). Eight CPT modules are symmetrically
distributed around the center, with two on each side of the
rectangular board.

The receiver board, shown in Fig. 13 (a) holds the rectifier
diodes, output capacitors, receiver side capacitors and induc-
tors. Vishay VB20100S-E3 is utilized as the rectifier diode for
efficient rectification. The output capacitors are 132 pF. The
receiver side LC compensator has a 2250 pF capacitance and
a 5 pH inductance, which are the same as the transmitter side,
resulting in a symmetric CPT system. Fig. 13 (b) shows the
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Fig. 17. Waveforms of Port #1, #2, #3 and #4 under 400 V input voltage,
scenario (2), 100 W total output power, and 1.5 MHz switching frequency:
(a) input voltages and current of Port #1 and Port #2; (b) input voltages and
current of Port #3 and Port #4; (c) input and output switched-node voltages
and currents of Port #1. Soft switching is achieved at all ports.

(©)

Fig. 18. Waveforms of Port #1, #2, #3 and #4 under 400 V input voltage,
scenario (2), 400 W total output power, and 1.5 MHz switching frequency:
(a) input voltages and current of Port #1 and Port #2; (b) input voltages and
current of Port #3 and Port #4; (c) input and output switched-node voltages
and currents of Port #1. A few ports lost soft switching.
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Fig. 19. Waveform under 400 V input voltage, scenario (3), 25 W output
power, and 1.5 MHz switching frequency. The switched node voltage Vsqpa
and input current I,,4 of Port #4 are shown. The voltage ripples of DPP
output capacitor Vg and switched capacitor Vo g4 are also shown.

air core inductor, used for both the transmitter side and the
receiver side. The air core frame is 3D printed with an inner
diameter of 20 mm and a length of 30 mm, and is wrapped
by 23 turns of the AWG 46 Litz wire with #420 strands.

The design of the capacitive couplers is shown in Fig. 14.
The landing/charging platforms are realized with two printed
circuit boards (PCB). These two PCBs are put together to form
the capacitive plates connected to the transmitter side. They
contain a layer of copper, covered by a layer of solder mask
for electric isolation. The rectangular UAV landing gears are
made and utilized as capacitive plates for the receiver side.
Polycarbonate sheets are used for this purpose, to provide the
UAV with stiff but lightweight landing gears. These sheets are
then wrapped with a layer of copper foil for conduction and
an outer layer of Kapton ® tape for insulation. This design
procedure is demonstrated in the enlarged picture shown on
the right side of Fig. 14. The dimensions of each landing
gear are 450 mm x 40 mm, whereas each PCB plate is
500 mm x 150 mm. The larger size of the PCB plates provides
increased tolerance for misalignment of the landing gears. The
capacitance between each PCB platform and UAV landing
gear is approximately 800-1000 pF, yielding an equivalent
total coupling capacitance of 400-500 pF. When the UAV is
positioned on the charging platform, the minimal clearance
between the landing gear and the landing platform ensures
considerable coupling capacitance, thereby enhancing system
efficiency and reducing the voltage stress across the plates. The
proper operation of the power stage of DPP charging system
does not rely on identifying whether a single UAV or multiple
UAVs are being charged. In practical applications, wireless
communication between UAVs and the landing platforms can
be used to identify UAVs’ charging requirements and activate
the corresponding port.

Four different load configuration scenarios are tested:
e 1) interleaved four port operation: Four UAVs are charged
at Ports #1, #3, #5 and #7, with an interleaved placement. The
other ports are idle with no load, hence the cutoff switches

for these ports are turned off. This scenario of the load
configuration is shown in Fig, 15 (a).

e 2) series four port operation: Four UAVs are charged at
Ports #1, #2, #3 and #4, with a series placement. Other ports
are idle with no load, hence the cutoff switches for these ports
are turned off.

e 3) single port operation on Port #4: Only one UAV is
present at Port #4, which sits in the middle of the series-
stacked architecture. This scenario of the load configuration is
shown in Fig, 15 (b).

e 4) single port operation on Port #8: Only one UAV is
present at Port #8, which occupies the bottom of the series-
stacked architecture.

Comparison tests between scenarios (1) and (2) are impor-
tant to determine the optimal placement when multiple UAVs
are present and charged. Comparison tests between scenarios
(3) and (4) help to identify the optimal placement when a sin-
gle UAV is present and charged. The full load condition with
all eight ports active and driving maximum load is not tested
because there is no power imbalance between each module. In
this case, the series-stacked system achieves intrinsic voltage
balancing without the DPP function and operates like eight
independent CPT modules. Obtaining results for unbalanced
load configurations (1)-(4) is more attractive. The experimental
setup shown in Fig. 16 demonstrates the load configuration in
scenario (1) (interleaved operation of four ports). The central
hub of this setup is the main transmitter board, which hosts
four UAVs on each side of the board. The receiver board and
the adjustable resistive load are placed on top of the UAYV,
imitating real-world operating conditions. Litz-wires are used
to interconnect all the boards, couplers, and loads. A single
DC voltage source supplies the DPP converter with the 400 V
high-voltage dc bus, resulting in a balanced 50 V on each DPP
output capacitor. This balance is essential for achieving 50 V
output voltage with unity gain on the UAV side, facilitated by
the utilization of the CV operation mode in the CPT module
and the design of the symmetrical compensation network. The
oscilloscope displays the voltage and current waveforms of the
CPT modules.

B. Experimental Results

Fig. 17 depicts the waveforms of the light load operation in
scenario (2) (series operation of four ports). Fig. 17 (a) and
(b) show the input voltages and currents of the CPT modules
for Port #1, #2, #3 and #4. This configuration operates with a
400 V system input voltage, and the high levels of switched
node voltages Vi1 — Vswa are at 50 V, representing the voltage
balancing achieved by the DPP converter. All four ports are
loaded with resistors set to identical values. Each port delivers
an output power of approximately 25 W, resulting in a total
output power of 100 W. This power balancing demonstrates
the effectiveness of the compensation network design, as it
enhances the tolerance of the system to variations in the
coupling capacitance. Fig. 17 (c) shows the input and output
switched-node voltages and currents of Port #1. The lagging of
the input current to the input voltage helps the system achieve
zero voltage switching (ZVS) and high efficiency.
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Fig. 20. Measured system efficiency under different load configurations: (a)
efficiency comparison between two scenarios with interleaved and series four
port operation; (b) efficiency comparison between two single port operations
with Port #4 and Port #8 actively connected; (c) efficiency comparison
between the interleaved four port operation and a single-stage CPT.

Fig. 18 shows the waveforms of the full load operation in
scenario (2) (series operation of four ports). Each port delivers
approximately 100 W, resulting in 400 W total output power.
Fig. 18 (a) and (b) show the input voltages and currents for
Port #1, #2, #3 and #4 at a higher power level. 400 V bus
voltage is set as the system input, and the high levels of the
switched node voltages V,,,; — Vi, are still kept at 50 V,
illustrating the effective voltage balancing mechanism of the
DPP converter for wide operating conditions. Fig. 18 (c) shows
the input and output switched-node voltages and currents
of Port #1. Under the full load condition, the transmitter
side loses ZVS under the full load operation because the
input current leads the input voltage. Further analysis can be
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Fig. 21. UAV misalignment test for a single-stage CPT: (a) setup showing the
definition of the misalignment percentage; (b) equivalent coupling capacitance
versus the misalignment; (c) output power and CPT efficiency versus the
misalignment.

conducted to calculate the current through each switch under
various load configurations. With an accurate circuit modeling
[23], [24], the parameters can be optimized to ensure ZVS
across a wide range of operating conditions and minimize
charge-sharing losses between switched capacitors, at the cost
of increased circulating current and conduction losses

Fig. 19 shows the waveforms of light load operation in
scenario (3) (single port operation on port #4). The switched
node voltage V.4 and input current Iz ,4 are consistent with
those in scenario (2), validating the independent operation of
each port. The peak-to-peak voltage ripples of the DPP output
capacitor Vo4 and switched capacitor Viggy,q are within 0.5 V.

Fig. 20 shows the efficiency maps under different load
operations. Fig. 20 (a) depicts the overall system efficiency
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for scenarios (1) and (2). The efficiency of the interleaved
configuration is 92.7% at 100 W output power and 82.8% at
390 W output power. The efficiency of the series configuration
is 92.3% at 100 W output power and 81.7% at 390 W output
power. The light load efficiency is similar for both cases while
the efficiency is better for the interleaved configuration at
heavier loads. Therefore, the interleaved configuration is more
desirable for the operation of the DPP converter. Fig. 20 (b)
shows the overall system efficiency for scenarios (3) and (4).
The peak efficiency of the Port #4 connection is 76.3% at
57 W output power and the full load efficiency is 66.3% at
100 W. The peak efficiency of the Port #8 connection is 75.7%
at 47 W output power and the full load efficiency is 64.4% at
100 W. The light load efficiency is also similar for both cases
while the efficiency is higher for Port #4 connection at heavier
loads since the DPP converter has lower loss when the load
is connected in the middle of the series-stacked architecture
instead of on the top or the bottom side. The efficiency of
single port operation is much lower than that of four port
operation, primarily due to higher hard switching loss and
charge sharing loss. In four ports operation, the inductors in the
compensation networks help more switched capacitors have
soft charging and more switches have soft switching, which
contributes to the overall efficiency improvement. Therefore,
the proposed DWPT architecture is more attractive when
multiple UAVs are being charged simultaneously. Fig. 20
(c) demonstrates the efficiency comparison between the in-
terleaved four-port operation and a single-stage WPT. This
single-stage WPT module consists solely of one CPT module,
which operates with a 50 V input voltage and does not involve
the DPP operation. The CPT module exhibits a peak efficiency
of 93.6% at 31 W and maintains a full load efficiency of
85.5% at 92 W. The efficiency of the CPT module closely
aligns with that of the four-port configuration, illustrating the
minimal power loss and high efficiency of the DPP converter
in stepping down a high input voltage of 400 V to multiple
outputs of 50 V as CPT input voltages.

Fig. 21 (a) illustrates the misalignment test for a single-stage
CPT module. The total length of the UAV landing gear is de-
noted as L.t While the length of the landing gear extending
beyond the landing platform is represented as L,,;salignment-
This setup simulates the scenario where the landed UAV
does not align perfectly with the landing platform. The mis-
alignment percentage is defined as the ratio of Li,;salignment
and Liotq;.- Fig. 21 (b) demonstrates the relationship between
the misalignment percentage and the equivalent coupling ca-
pacitance C,. As misalignment increases, the capacitance
decreases linearly, consistent with the theoretical equations for
parallel plate capacitors. Fig. 21 (c) shows the output power
and efficiency of the CPT module with a 352 load resistor.
The output power remains stable at approximately 55 W,
regardless of the misalignment, validating the effectiveness of
the designed CV operational mode in maintaining consistent
output power. The efficiency gradually decreases from 91% to
85% as misalignment increases from 0 to 60%. The system
can maintain relatively high CPT efficiency over a wide range
of misalignments. However, beyond 60% misalignment, the
efficiency significantly drops due to the decreased equivalent

coupling capacitance and greatly increased conduction loss.

VI. CONCLUSIONS

This paper presents the theoretical principles, design meth-
ods, and hardware implementation of a capacitive differential
wireless power transfer architecture designed for a multi-UAV
charging station. The DPP converter and the CPT modules
are merged to reduce the component count and increase
system efficiency. The capacitive coupler employs the landing
platform and the UAV landing gears to achieve large cou-
pling capacitance. The compensation network and the system
resonant frequency are thoroughly analyzed and designed
for a high misalignment tolerance and high efficiency. The
practical concerns under no-load conditions are identified and
addressed. An eight-port DPP converter is built and tested
to drive multiple WPT ports with inherent voltage step-
down. The high system efficiency for the proposed DWPT
architecture is validated through the experiments for multi-
UAV charging from a high input voltage.
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