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Abstract—This letter introduces a photovoltaic
(PV)-battery wireless charger tailored for unmanned
aerial vehicles (UAVs), enabling seamless automatic
charging. Sharing the resonant tank enhances efficiency
while reducing the number of resonant components
required. Employing a bridge converter allows for versatile
modulations, facilitating various functions including
output regulation, maximum power point tracking, and
zero voltage switching. Experimental validation involves
the construction of a 200-W prototype, demonstrating a
peak efficiency of 92.6% for the three-port converter and
supporting four distinct charging modes.

Index Terms—Integrated power converter, photovoltaic
(PV), unmanned aerial vehicle (UAV), wireless charger.

. INTRODUCTION

HE rising popularity of unmanned aerial vehicles (UAVs)
T is attributed to their agility, small size, and light weight,
which make them ideal for tasks such as inspections, agricul-
ture, and damage assessment [1], [2], [3]. However, despite
their advantages, UAVs are limited by their reliance on power,
often draining their batteries quickly due to the demands of
flight. Traditional methods of battery swapping require human
intervention, posing challenges for autonomous operations in
remote or inaccessible areas. As a solution, inductive power
transfer (IPT) emerges as an appealing option to extend the
autonomous operational lifespan [4], [5].
In contrast to wireless charging for consumer electronics,
UAVs often operate in remote locations such as mountains
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and farmlands. Therefore, relying on renewable energy sources
instead of the power grid becomes a more logical choice. For
instance, photovoltaic (PV) technology is utilized to power
the IPT by incorporating a dc/dc converter [6]. To address
the variability of sunlight, a battery is directly integrated into
the dc bus to ensure a consistent output [7], [8]. By connecting
the battery to the dc bus through another converter, three power
ports are controlled independently [9]. Moreover, the synergy
between PV and battery allows for more efficient charging and
diverse charging modes [10]. However, the advantages of these
systems rely on employing multiple power stages, which would
increase costs and losses.

This article presents an innovative PV-battery wireless charg-
ing system designed specifically for UAVs. The proposed topol-
ogy utilizes a conventional bridge converter at each power port,
with power coupling achieved through a central ac resonant
tank, forming a high-order three-port resonant converter. With
tank integration, power transfer between ports circumvents mul-
tiple stages, leading to a reduction in passive components and
an improvement in efficiency. Circuit-model-based analysis is
employed to investigate transfer characteristics, converter de-
sign, and modulation techniques. Additionally, the integrated
power converter holds promise for various scenarios requiring
energy harvesting and wireless charging.

[I. THREE-PORT WIRELESS CHARGER

The proposed charger is illustrated in Fig. 1(a). The PV
functions as a power source, providing F,,, while the UAV
acts as the load, consuming FP,,,. The power flow of both are
unidirectional. The battery is required to supply bidirectional
power, P, Utilizing a bridge inverter, the PV panel can gen-
erate regulated voltage v; to excite one ac terminal, while the
battery provides similar excitation with v,. The ac voltage at
the UAV terminal is represented as vs. Terminal currents at
the various ac ports are denoted as 41, ¢, and 73 respectively.
Power from the PV, battery, and UAV is interconnected through
the three-port resonant tank. It comprises four ac components,
i.e., a transformer with turn ratio n and magnetizing induc-
tance L,,, an inductive coupler with self-inductance L, and
L, mutual inductance M, and two compensation capacitors C),
and C.

The equivalent circuit can be simplified as depicted in Fig. 2,
where all state variables are represented in their phasor form.
For instance, V1 denotes the phasor form of v, with V] indicat-
ing its magnitude. The equivalent ac resistance for the UAV side
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Fig. 1. Three-port wireless charger. (a) Topology. (b) Four modes.
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Fig. 2. Equivalent circuit.

is R,. =8R/ 72. There are four modes as shown in Fig. 1(b).
In the absence of the UAV, mode 1 is delineated for direct
charging of the battery by the PV. The system transforms into
an LLC converter, which could use L,, for load-independent
zero voltage switching (ZVS) operation. Upon activation of all
ports, the PV and battery jointly charge the UAV, termed mode
2. The PV alone suffices to power the UAV, termed mode 3. In
the absence of sunlight, the battery operates as the single source
under mode 4. Modes 3 and 4 are considered special cases of
mode 2 by shorting either V1 or Va.

In Fig. 3, 6, is the phase between two legs, which leads to
a typical three-level voltage source v;. Similarly, the inverter
of the battery would offer a controlled voltage source v, by
changing 6. Their voltage magnitude are as follows:

Ts 4 91
V= / sinwt - v (t)dt = =V, cos =
0 ™ 2
T,
s 4 0
VZ:/ sinwth(t)dt:fvbcos—z. €))
0 ™ 2

The phase difference between V; and Vg is denoted as «
(=), and this phase is not utilized for modulation. When
V1 is considered as the reference (i.e., V1 =V;£0), Vg is
represented as Vo = Vo /4m = —V,£0. The voltage across L,,
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R —
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Fig. 3. Gate signals and typical waveforms.

is clamped as V,,, = n'V 3. The voltage for the PV-side resonant
tank is denoted as V, and is expressed as

4 0, 0>
Vo=Vi -V, =- (V;)Vcos > +ancosz> Z0. (2)
T

It’s evident that Vy, is always in phase with V.
A nominal resonance frequency, denoted as f., is defined
based on the characteristics of the two series resonant tanks

fr =1/Cn\/L,Cp) = 1/(2n\/LCy). 3)

The switching frequency of two inverters is f (=w/2m). It’s
worth noting that f may not necessarily be equal to f,.. Based
on circuit theory, the state equations are given as

Val = WM Ry
3 (Zp Zstw? M?)
M) 2.+ 2

1
Ip w= s P
I=| — wM
3 Zp Zatw M?
where Z;, and Zg are defined as the net impedance of tanks

L,C), and L,C respectively
{ZP =jwly +1/(jwCy)

—n

A%
—nwM Ry } {Vl} 4
(Zp 2.+ M7) 2

\Ys
T ] [Vl} )
Zp Zatw M? 2

Zs = jwLgs+ 1/(jwCs) + Rye. ©)

Using the above equations, all the state variables can be derived.
For example, the output voltage is solved as
wM
ZpZs + w2 M?
When all the voltage or current are solved, the terminal power
could be derived as follows:
Puy =V, /R ®)
Vv cos (%) [Vavcos (%) + Vi cos (%)] R
2wz M? '

0, 0, 8R
V, = . (V;,Vcos 5 4+ nVj cos 2) a2 7

By =

(€))

I1l.  MODULATION AND DESIGN CONSIDERATION

The proposed converter integrates frequency and phase mod-
ulation to fulfill various practical objectives, such as adjusting
the output voltage at the UAV terminal, facilitating maximum
power point tracking (MPPT) at the PV terminal, and achieving
soft-switching for all transistors. The controllable P, indicates

Authorized licensed use limited to: ShanghaiTech University. Downloaded on June 05,2025 at 00:50:40 UTC from IEEE Xplore. Restrictions apply.



6566 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 72, NO. 6, JUNE 2025
TABLE | 80 o 6
PARAMETERS OF AN EXAMPLE SYSTEM 0 (9) 92) M\ iy | WhenM-=22 ull
T max (= ,= |when M = 18 uH N
22 el . P /\B/
Symbol Value Symbol ~ Value  Symbol Value T . A i
Viv 36 V Ly, Lg 33 uH fr 85 kHz I 20 6(Zip) when M = 18 uH j
|3 24V Cp. Cs 107 nF n 1.5 ) if=1 8
M [18 uH, 22 yH] L, 170 pH ! 150 kHz 01 .; i
204 0(Zypwhen M = 22 ul
10 1's ' 20

= P, 1P, =100W, M=22uH
o O Py P, S100W, M=18ul

190
~ 160 -
?‘:130 Yer N
) v ¥
o [omno] [ [nn] [ommnn]
0 20 40 6 8 100 120
0, ——————{ Renew Vv &py |
(a) (b)
Fig. 4. (a) Output regulation and MPPT by tuning 6;. (b) MPPT
algorithm.

the output modulation capability, and F,, should be controlled
for MPPT. Therefore, (8) and (9) actually defines two equality
constrains for the control variables. The last objective is to
ensure soft-switching for active bridges. The dual active bridge
converters have been widely used and well studied. The ZVS
condition could be represented by the phase of bridge output
voltage. In Fig. 2, 0z, and 0z, are the phase of Z; and Z,
respectively, the ZVS operation need to meet

071> 61/2,02, > 6,/2. (10)

An example waveform is shown in Fig. 3, when 6; =30°,
0, =70°, 041 = 04, = 40°. For the PV-side bridge, S1, 52, S5,
and S, are able to achieve ZVS turn ON at %y, ts, t4, and ¢,
respectively. So as for the battery-side bridge.

For better illustration, an example system is given in Table |
to discuss the modulation. When f is fixed at 150 kHz, the dual
phases (¢ & 6,) would modulate F,, and B, and finally offer
a wide P,y (=B + Poay). For a specific I,y there is still one
control freedom left to modify the power ratio between I,y and
Py As shown in Fig. 4(a), when the output power is 200 W,
the blue soild line means F,, and the dot one represents Fpy. It
shows that 6, is used to change the power distribution between
PV and battery, which equally means MPPT could be achieved
by controlling P, at its target level. Note that 6, depends on
0, due to the fixed P,,. When P,,, changes to 100 W, the
conclusion is similar. When M diminishes to 18 pH, there is a
reduction in the output capacity, yet the control effectiveness for
MPPT remains evident, as illustrated by the orange and green
curves. When sweeping Py, the phase variation is depicted
by the black lines. The MPPT requires one control freedom to
regulate F,,, which is denoted as ;. The widely recognized
tracking algorithm is utilized, as illustrated in Fig. 4(b).

The choice of the switching frequency f must account for
the ZVS requirement. Based on (7) and (9), 6, and 6, are

T

Fig. 5. Design of f based on ZVS boundary.

determined as follows:

16 Py’ M3
0 =2cos™! L 11
P {V;,VVOWZ(Z,,ZS + szz)} (v
Vo (ZpZstw’M?) v 0,/2
6, =2cos™! [ SwM R b <05(61/ )] . (12)
nVy
Here, Z;p¢ is defined in Fig. 2 and derived as
Zipt = Vp/Ii =W M?)Zs + Zp,. (13)
Therefore, it has
0(Z1) =0(V1/Ih) =0(Vp/I1) = 0(Zipt) (14)
Similarly,
0(Z2) = 0(Zipt,). (15)

Substituting (1 1)—(15) into (10), the ZVS requirement is encap-
sulated in the following inequality constraint:

0(Zipe) > max(0;/2,0,/2). (16)

According to Table I, the variations of 6(Zjp) and
max(0,/2,60,/2) are illustrated in Fig. 5 while sweeping the
switching frequency. It’s important to note that the frequency
is normalized as f, = f/f.. When M 1is 22 pH, the ZVS
boundary is point B [refer to (16)]. Generally, the conduction
loss is minimized if f,, = 1. However, there are still switching
losses in the bridge inverter. Increasing f introduces additional
circulating energy, aiding in achieving ZVS. Eventually, a fre-
quency of 1.8 f, is chosen, close to the boundary point B. When
M drops, the ZVS boundary point is A. The frequency selection
based on point B is still able to ensure ZVS when misalignment
happens. In summary, two phases are employed to fulfill the
UAV requirements and MPPT through power modulation. The
frequency is carefully designed to ensure ZVS operation under
dual-phase modulation.

IV. EXPERIMENT VERIFICATION

The experimental setup is shown in Fig. 6(a). The TX and RX
coils are identical. The inner diameter of each coil measures 100
mm, crafted to fit the UAV landing gear. The charging area is a
circle with a diameter of 200 mm. During the charging process,
the vertical distance is maintained at 10 mm, as depicted in
Fig. 6(b) and 6(c). The UAV would land within this designated
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Fig.6. Experiment platform. (a) Setup. (b) Coil. (c) Side view of coupler.
(d) Top view of coupler.
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Fig. 7. Steady-state waveforms. (a) Mode 1. (b) Mode 3. (c) Switch S3.

charging area, as illustrated in Fig. 6(d), with the maximum
horizontal misalignment being 40 mm.

For the target 200-W application, V,y, Vj, and V, are de-
termined by the real demands. The voltage gain from V}, to
V4 directly defines the turns ratio n. For the resonant tank,
only two independent parameters, L,, and L, (= L,), need to
be considered. Note that all capacitance values are calculated
based on the resonance condition. L,, is selected to achieve
ZVS during the dead time for both bridges. Considering the tar-
get size and misalignment conditions, the coupling coefficient
remains relatively stable and could be estimated. Based on the
voltage gain from V,, to V,, the necessary mutual inductance
M is used to determine L,,. The system parameters are provided
in Table I.

For mode 2, the maximum power is 200 W due to the collab-
oration of PV and battery. For a single-source scenario, such as
modes 1, 3, and 4, the maximum output power is 120 W. Under
mode 1, the converter operates as a LLC converter and adopts
frequency modulation (FM). The terminal excitation waveform
is illustrated in Fig. 7(a). Under mode 2, the terminal waveform
is displayed in Fig. 8. It’s noteworthy that the output currents
of the two bridge inverters are identical, and only one current
is shown. Under modes 3 and 4, either the PV or the battery
operates. Fig. 7(b) shows the waveforms for mode 3, the curve
of vy, implies battery would be shorted. The waveforms of mode
4 resembles that of Fig. 7(b) for mode 3. With eight transistors,
the waveform of S5 serves as a representative to indicate ZVS
operation in Fig. 7(c). When the misalignment happens, the

(a) (b)

Fig. 8. Waveforms of mode 2. (a) M =22 pH. (b) M = 18 uH.
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Fig. 9. Transient waveform. (a) Soft-start process of mode 2. (b) P,y
variation under mode 2.

phase modulation is applied to ensure MPPT and stable output
as shown in Fig. 8.

The system needs to handle two types of dynamics. It transi-
tions between modes by stopping the old mode and initiating the
new mode through a soft-start process. The soft-start waveform
of mode 2 is illustrated in Fig. 9(a). Within the same mode,
if light conditions change, the converter undergoes another
transition process. For instance, when PV power shifts from 90
to 110 W, Fig. 9(b) demonstrates how the charger redistributes
the power demand of the UAV between the PV and the battery,
ensuring MPPT and stable output.

The efficiency for all operational modes are depicted in
Fig. 10(a). Notably, mode 1, which entails functioning as a
LLC converter, exhibits the highest efficiency when employing
classical frequency modulation. In mode 2, the 36-V PV inde-
pendently charges the UAV. Conversely, in the absence of light,
the 24-V battery charges the UAV utilizing a similar process.
Due to voltage difference, the conduction losses introduced by
the battery-side inverter exceed those of the PV-side inverter
when delivering equivalent power. It’s important to highlight
that switching losses are nearly eradicated owing to ZVS, and
the conduction losses of the resonant tank remain consistent due
to identical P,y under modes 3 and 4. Consequently, mode 4,
utilizing a 24-V battery, exhibits lower efficiency compared to
mode 3, utilizing a 36-V PV source. Incorporating both PV and
battery in mode 2 yields an efficiency that falls between those
of modes 3 and 4. Meanwhile, the black curve in Fig. 10(a)
displays the phase angle #; with given load range. A detailed
loss breakdown of mode 2 is shown in Fig. 10(b). Misalignment
leads to higher condition loss.

Table II presents a comparison of PV-battery IPT systems.
In contrast to previous studies, the dual-bridge configuration
proposed in this article facilitates a broader range of operational
modes to address diverse scenarios. This configuration allows
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Fig. 10. Loss comparison. (a) Efficiency of all modes. (b) Loss break-
down.

TABLE Il
COMPARISON WITH EXISTING PV-BATTERY IPT SYSTEMS

References [7] [10] [8] 9] This Work
Power of mode 2 20W 378 W 120 W 200 W 200 W
Peak effi. of mode 2 85% N/A  88.6% 89.2% 92.6%
Modulation PWM PWM PSM PWM PSM, FM
No. of modes 2 3 3 2 4
MPPT v v v v v
Fully ZVS X X v X v
No. of MOSFET 4 7 5 6 8
No. of inductive comp. 5 5 2 3 2
No. of capacitive comp. 8 6 6 7 4

Note: * Inductive components mean ac inductor, dc inductor, coupler, and
transformer. PWM: pulse width modulation; PSM: phase shift modulation.

for the utilization of multiple modulation approaches, which
collectively address various objectives such as output modula-
tion, MPPT, and ZVS. Moreover, different operational modes
share a common resonant tank, effectively reducing the number
of passive components required.

V. CONCLUSION

This article introduces a three-port wireless charger designed
to incorporate both PV panels and batteries for charging UAVs.

By sharing the resonant tank, direct power transfer between
multiple ports is facilitated, eliminating the need for redundant
power stages. This setup allows for the definition of various
charging modes to address real-world requirements, with mul-
tiple power flows enabling flexibility. Moreover, the phase and
frequency control of the active bridges provide ample flexibility
to achieve different objectives. Experimental results confirm the
high-efficiency operation of the charger across multiple modes.
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