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Abstract—Misalignment tolerance represents a critical challenge
in uncrewed aerial vehicle wireless power transfer (UAV-WPT)
systems. Conventional approaches enhance positional and angu-
lar misalignment tolerance by generating wide-range omnidirec-
tional magnetic fields through transmitter design or rotating field
techniques. However, these methods exhibit a low magnetic field
utilization rate since UAVs typically require only specific field
orientations postlanding rather than omnidirectional fields. This
article proposes a UAV-WPT system employing two orthogonal
bipolar transmitting coils with a targeting magnetic field to achieve
omnidirectional powering and enhance the magnetic field utiliza-
tion rate simultaneously. COMSOL simulations are used to analyze
the magnetic field distribution of the transmitter, and the princi-
ples for generating a targeting magnetic field through excitation
current control are explained. The amplitude and phase of the
excitation currents are controlled by adjusting the duty cycle and
phase difference of the two half-bridge inverters. The mathematical
relationships between maximum output power, maximum input
power, and maximum transmission efficiency with respect to duty
cycle and phase difference are established. A targeting magnetic
field control method combining phase difference and duty cycle
scanning is proposed. Experimental results show that the system
can establish a targeting magnetic field within 85 ms, with a maxi-
mum output power of 216.2 W and a peak dc-to-dc efficiency of
89.5%. The dc-to-dc efficiency exceeds 76.1% across +100 mm
positional misalignment and arbitrary angular misalignment. The
dc-to-dc efficiency of the targeting magnetic field mode is at least
5% higher than that of the rotating magnetic field mode.

Index Terms—Misalignment tolerance, omnidirectional, target-
ing magnetic field, uncrewed aerial vehicles (UAVs), wireless power
transfer (WPT).
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I. INTRODUCTION

NCREWED aerial vehicles (UAVs), characterized by their

flexibility, efficiency, and safety, offer significant advan-
tages for a diverse range of applications, such as military, agri-
culture, power inspection, environmental monitoring, logistics
delivery, and disaster rescue [1], [2], [3]. Wireless power trans-
fer (WPT) technology enables autonomous replenishment for
UAVs, significantly extending operational range and facilitating
unattended operations. This technology is pivotal for advancing
the overall intelligence of the UAV systems [4], [5].

The face-to-face circular or rectangular coil structures repre-
sent the predominant magnetic coupler topology in UAV-WPT
systems [6], [7], [8], [9], [10]. However, mounting circular or
rectangular receivers in face-to-face arrangements on the belly
of a UAV will destroy the overall shape and structure of the
UAV, obstruct the view below the UAV, increase flight resis-
tance, and increase leakage flux interference on UAV equipment.
Consequently, the face-to-face magnetic couplers have poor
structural compatibility for UAV-WPT applications. To meet
the requirement of structural compatibility, a three-phase tightly
coupled mechanism is proposed in [11], an orthogonal magnetic
structure is developed in [12], and two orthogonal transmitters
with double L-type ferrite are designed in [13]. However, these
magnetic couplers have poor tolerance to positional and angular
misalignment.

Considering the requirement of omnidirectional powering for
UAVs, a target-shaped transmitter is proposed in [14], an asym-
metric magnetic coupler is introduced in [15], a transmitter con-
sisting of one inner circular coil and one outer coil is designed in
[16], an embedded lightweight squirrel-cage receiver is explored
in [17], and a bipolar four-coil structure and a four-solenoid
receiving structure is proposed in [18]. All these transmitters
can generate omnidirectional magnetic fields in the horizontal
plane. However, each transmitter contains only a single trans-
mitting coil, rendering them incapable of controlling magnetic
field direction through magnetic field vector superposition. In
practice, once a UAV completes its landing, its position and
angle typically remain fixed. When the receiver maintains a sta-
tionary position and angle, only a magnetic field with a specific
orientation is required, not an omnidirectional field. Because
continuous generation of omnidirectional magnetic fields will
reduce magnetic field utilization rate.
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Multiple transmitting coils with magnetic field control are
a possible solution to improve magnetic field utilization rate.
Cai et al. [19] proposed a combined square and dipole trans-
mitter that can generate a rotating magnetic field to improve
the angular misalignment capability. Wu et al. [20] proposed
a free-positioning UAV-WPT system via a reconfigurable coil
array and a rotating magnetic field. Zhang et al. [21] estab-
lished a dynamic magnetic field based on two-phase transmitting
circular coils arranged at intervals to achieve omnidirectional
charging for UAVs. Cai et al. [22] designed a UAV wireless
charging platform featuring a reconfigurable array capable of
generating an omnidirectional rotating magnetic field. The above
approaches excite two-phase coils with 90° phase difference
currents or three-phase coils with 120° phase difference currents
to generate 2-D rotating magnetic fields. These rotating magnetic
fields exhibit temporally varying orientations that can point
in all directions in a 2-D plane. Using a rotating magnetic
field to achieve omnidirectional powering has the advantages
of not requiring receiver angle detection and being simple to
implement. However, this method suffers from low magnetic
field utilization rate. Because during a full scanning cycle of the
rotating magnetic field, only during brief intervals is the gener-
ated magnetic field perpendicular to the receiving coil plane. For
the majority of the cycle, the produced magnetic flux remains
unusable by the receiving coil. Generally, enhancing magnetic
field utilization rate is desirable to reduce flux leakage and
improve power transfer efficiency. However, present UAV-WPT
systems rarely satisfy both omnidirectional powering and high
magnetic field utilization rate requirements simultaneously.

To this end, this article proposes a targeting magnetic field
control method for a UAV-WPT system to achieve omnidi-
rectional powering and a high magnetic field utilization rate.
The transmitter comprises two orthogonal bipolar coils, each
driven by a half-bridge inverter. The receiver incorporates two
rectangular coils coplanar with the UAV landing gear. The
two transmitting coils predominantly generate x-directional and
y-directional magnetic fields, respectively. Based on the ampli-
tude and phase control of the excitation current, the resultant
magnetic field generated by the transmitter can always be di-
rected perpendicular to the receiving coil plane, thus forming
a targeting magnetic field. To avoid detecting the position and
angle of the receiver, a targeting magnetic field control method
based on phase difference and duty cycle scanning is proposed.
Finally, the efficacy of the proposed methodology is validated
through simulation and experimental results.

II. MAGNETIC FIELD ANALYSIS AND CONTROL OF THE
MAGNETIC COUPLER

A. Magnetic Coupler

Fig. 1 shows the two orthogonal bipolar transmitting coils
for UAV-WPT. Coil-1 and Coil-2 are two bipolar coils used as
transmitters. Coil-1 comprises Coil-1a and Coil-1b connected in
reverse series. Similarly, Coil-2 comprises Coil-2a and Coil-2b
connected in reverse series. To reduce magnetic field leakage
and enhance coupling, a ferrite is placed at the bottom of the
transmitter. Coil-3 is used as a receiver, which consists of two
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Fig. 1. General overview of the two orthogonal bipolar transmitting coils for
UAV-WPT.

Fig. 2. Dimensional description of the magnetic coupler.
TABLE I
PARAMETERS OF THE MAGNETIC COUPLER

Parameters Value Parameters Value
A 500 mm L 250 mm
I3 190 mm Iy 200 mm
Is 50 mm Is 180 mm
1; 30 mm d, 200 mm
d, 20 mm ds 5 mm
dy 2 mm ds 3 mm
WA 10 turns N, 10 turns
N; 10 turns

rectangular coils (Coil-3a and Coil-3b) connected in series in
the same direction. The receiver is installed on the landing gear
of the UAV, which does not change the original appearance of
the UAV, nor does it require bulky and fragile ferrite, and has
the advantages of easy installation and light weight.

Fig. 2 shows the dimensional description of the proposed
magnetic coupler. Based on the dimensions of the Phantom 4-Pro
UAV produced by DJI Company, the parameters of the magnetic
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Fig. 3. Magnetic field lines generated by (a) Coil-1 and (b) Coil-2.

coupler are designed as shown in Table I. N, No, and N3 are the
number of turns of Coil-1, Coil-2, and Coil-3, respectively.

B. Magnetic Field Analysis

Define I; and Iy as the excitation currents for Coil-1 and
Coil-2, respectively. When observing the magnetic field dis-
tribution generated by Coil-1, set /; = 1 A and I, = 0 A.
When observing the magnetic field distribution generated by
Coil-2, set 1 = 0 A and I, = 1 A. According to the COM-
SOL simulation, the magnetic field lines generated by Coil-
1 and Coil-2 are calculated as shown in Fig. 3. Coil-1 and
Coil-2 generate a magnetic field mainly in the x-direction and
y-direction, respectively. According to magnetic field vector
superposition principle, the resultant magnetic field generated by
two coils is mainly concentrated in the horizontal direction (i.e.,
x-y plane). The vertically placed rectangular receiving Coil-3
needs to capture the horizontal magnetic field. This indicates
that the magnetic fields of the transmitter and receiver are well
matched. In addition, compared to traditional circular coils that
generate magnetic fields mainly in the vertical direction (i.e.,
z-direction), the proposed transmitter that generates magnetic
fields mainly in the horizontal direction is advantageous in
reducing electromagnetic interference to UAV equipment. In
addition, Fig. 3 also indicates that the magnetic fields generated
by the two transmitting coils are orthogonal. Therefore, the two
transmitting coils are mutually decoupled naturally, which is
conducive to controlling their excitation currents independently.

C. Control Principle of a Targeting Magnetic Field

A targeting magnetic field refers to the magnetic field gen-
erated by the transmitter that is always perpendicular to the
receiver, regardless of the position and angle of the receiver.
Therefore, controlling the transmitter to generate a targeting
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Fig. 4. Control principle of a targeting magnetic field. (a) Resultant magnetic
field vector. (b) Resultant current vector. (¢) Definition of the receiver’s angular
misalignment.

magnetic field can improve the magnetic field utilization rate,
thereby enhancing the power transfer efficiency. This article
takes point O directly above the transmitter as an example
to illustrate the control principle of a targeting magnetic field
control. As shown in Fig. 3, the magnetic fields generated by
Coil-1 and Coil-2 at point O are along the x- and y-directions,
respectively. Therefore, it can be assumed that the magnetic
fields generated by Coil-1 and Coil-2 at point O under unit
excitation current are B9 and B,g, respectively. Therefore, B,
and B can be regarded as a set of magnetic field basis vectors.
As shown in Fig. 4(a), the resultant magnetic field B can be
linearly represented by B, and B,o as follows:

B; = k1B, + k2By0. (1)

Define 6 as the angle between B and the positive x-axis di-
rection. k; B, represents the x-directional magnetic flux density
generated by Coil-1 under the excitation current of /1, kaB, g
represents the y-directional magnetic flux density generated
by Coil-2 under the excitation current of /5. According to the
Biot—Savart law, k; is proportional to I;, and k3 is proportional to
I5. Therefore, the resultant magnetic field vector can be directed
in any desired direction by controlling /; and /5.

For the receiver to pick up the same power at various angles,
it is necessary to make the amplitude of the resultant magnetic
field equal in all directions. Therefore, I3, I, and the resultant
current vector I, [see Fig. 4(b)] should satisfy the following
relationship:

I, = 1, cosf
{I2 = I, sinf "’ )

This article defines the receiver’s angular misalignment as the
angle between the line connecting the centers of two rectangular
coils and the positive x-axis direction, as shown in Fig. 4(c). To
improve power transmission efficiency, it is necessary to make
the resultant magnetic field perpendicular to the receiver; that
is, the angle of the resultant magnetic field should be the same
as the angular misalignment of the receiver. Therefore, 6 is also
defined as the angular misalignment of the receiver.

According to (2), when the two excitation currents are in a
complementary relationship, the resultant current vector modu-

lus remains constant because of \/(Im cos0)? 4+ (I, sinf)? =
I,,,. Therefore, the modulus of the resultant magnetic field
under different 6 remains unchanged, which is beneficial for
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Fig. 5. Relationship between the targeting magnetic field and excitation cur-
rents under several angular misalignments of the receiver. (a)  =0°,1; =1 A,
Io=0A.(b)0 =45°,1, =0.707 A, I = 0.707 A. (¢) 6 =90°, 11 =0 A, I
=1A.(d)0=120°1; =-05A, 1> =0.866 A.

the receiver to pick up the same power in various angular
misalignments.

Fig. 5 shows the relationship between the targeting magnetic
field and excitation currents under several angular misalign-
ments of the receiver. For simplicity, let I,, = 1 A. When there
is no angular misalignment, i.e., § = 0°. To generate a targeting
magnetic field, the excitation currents need to be set to 1 =
cos0® =1 A, I, = sin0° = 0 A according to (2), as shown in
Fig. 5(a). When the angular misalignment of the receiver 6 is
45°, the excitation currents need to be set to I{ = cos45° =
0.707 A, I, = sind5° = 0.707 A, as shown in Fig. 5(b). When
the angular misalignment of the receiver 6 is 90°, the excitation
currents need to be set to /1 = c0s90° =0 A, I, = sin90° = 1
A, as shown in Fig. 5(c). When the angular misalignment of the
receiver 6 is 120°, the excitation currents need to be set to I; =
c0s120°=-0.5 A, I3 =sin120° = 0.866 A, as shown in Fig. 5(d).
It is worth noting that if the signs (positive or negative) of /; and
I, are the same, it indicates that the phases of /; and /5 are in the
same phase. If the signs of /; and /5 are different, it indicates
that the phase of I; and I is reversed. Generally, as shown in
(2), when the receiver angular misalignment € is between 0°-90°
and 90°-180°, the two excitation currents should be set in the
same phase and reverse phase, respectively.

According to the above analysis, to obtain a targeting mag-
netic field, the amplitude and phase of the excitation currents
should vary with the receiver angular misalignment based on
the mapping relationship in (2). However, the receiver angular
misalignment 6 is not known in advance. If we use an attitude
sensor to detect the receiver angular misalignment, and then

7087

N AN

D, | D3|

C,

o

D» | Dy

Fig. 6.  Circuit topology.

use a communication link to transmit angular misalignment
information to the primary-side controller. However, this method
is more complex and costly. Since a targeting magnetic field and
maximum efficiency transmission are equivalent, the excitation
currents can be optimized from the perspective of maximum
efficiency transmission to generate a targeting magnetic field.
In this method, only the system’s dc input current, rather than
the receiver’s angular misalignment, is required to be detected.
Therefore, its implementation is simpler, and specific methods
will be provided later.

III. SYSTEM MODELING AND ANALYSIS
A. Circuit Topology

The circuit topology of the proposed system is shown in
Fig. 6. The self-inductances of Coil-1, Coil-2, and Coil-3 are
denoted as Ly, Lo, and Ls, respectively. The mutual inductances
between Coil-1 and Coil-3, and between Coil-2 and Coil-3, are
represented by M3 and Ms3. Two LCC compensation networks,
composed of Lg-Cs-Cqp and Lgy-Cee-Co, are adopted on the
primary side in this article due to its following advantages: 1)
robustness against coupling and load variations; 2) simplified
excitation current control; and 3) easy to achieve zero-voltage
switching. Two independent half-bridge inverters are employed
to drive the two coils separately. The main reason for choosing
two half-bridge inverters instead of two full-bridge inverters
is that the former requires fewer switches. The Inverter-1 and
Inverter-2 are composed of MOSFETS S;1-S4. On the receiver
side, a simplified series-compensated capacitor C3 combined
and a full-bridge rectifier (diodes D1—Dy) topology are adopted.
In Fig. 4, Uq4. and I4. are the dc input voltage and current of
the system, respectively. Us, Uss, Ir1, and Iy are the output
voltages and currents of Inverter-1 and Inverter-2. I, I5, and
I3 are the currents flowing through Coil-1, Coil-2, and Coil-3,
respectively. Ry, Ry, and R3 are the equivalent series resistances
(ESR) of Coil-1, Coil-2, and Coil-3, respectively. C,, is a filtering
capacitor. Ry, is the load resistance. U, and I, represent the
system output voltage and current.

B. Excitation Currents Calculation

As analyzed in the previous section, the amplitude and phase
of the excitation currents need to change with various positions
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and angles of the receiver. This article uses pulsewidth modu-
lation (PWM) to control the output voltage of two half-bridge
inverters, thereby controlling the excitation currents. To main-
tain the cos-sin complementary relationship of the excitation
currents of (2), the duty cycles of Inverter-1 and Inverter-2 can
be set to 0.5-« and «, respectively, where 0<«a<0.5. Because
LCC compensation networks can effectively filter out high-order
harmonics generated by inverters and rectifiers, the fundamental
harmonic approximation (FHA) method is used for modeling.
Hence, Uy and Uy, can be expressed as follows:

Up = % sin ((0.5 — a) 7) = cos (ar)
,0=0orm
Ug @ sin (o)
3

where (3 is the phase difference between Ug and Ug. 8 = 0
indicates that Ug; and Uy, are in the same phase; 8 = 7 indicates
that Uy; and Uy are in reverse phase.

The resonance relationship of the system can be expressed as
follows:

1 B 1 B 1
VLnCn  VLpCrn  LsCs
1 B 1
V(L1 —Lp)C1 /(L2 — L) Cs

where f is the operating frequency of the system, and w is the
angular frequency.

For the L¢;-Cr and Lo -Cyo circuits in Fig. 6, their Kirchhoff
Voltage Law (KVL) equations can be expressed as follows:

n =jwlaln + or o — 1)
Up = jwLeplp + w%m (I —I)

w=2rf=

“

®

The designed parameters of the two transmitting coils and
two LCC compensation networks are the same. Therefore, to
simplify the analysis, it can be assumed that Ly = L¢; = Lgs, Ct
= Cf1 = CfQ,Lp =L1 = L2, Cp = C1 = C2, andRp =R1 :RQ.
According to (3)—(5), I and I, can be calculated as follows:

T, = Y2Us cos (arr) el
' el (am) B=0orm. 6)
I, = 224~ sin (o)

In (6), the parameters Uy, w, and L¢ will not change when
the system is in operation. Hence, the amplitudes of I; and I»
are only related to the duty cycle «. I; and I, can be kept in the
same phase or reverse phase by controlling 5. Therefore, we can
optimize «v and 3 to achieve a targeting magnetic field. It is worth
mentioning that if two full-bridge inverters are employed on the
transmitter side, the amplitude and phase of the two excitation
currents can be adjusted by controlling the phase-shift angles
and phase differences of the two full-bridge inverters, thereby
generating a targeting magnetic field.

Fig. 7 shows the example waveforms of the inverter output
voltages and excitation currents, which further illustrate the
effects of @ and 3 on the amplitude and phase of the excitation
currents. U, is a square wave with a frequency of f, a period
of 7, and a duty cycle of 0.5. U,r is only used to represent the
temporal relationship of other waveforms and has no practical
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Fig. 7. Example waveforms of the inverter output voltages and excitation
currents when (a) « = 0.2, 3 =0and (b) « = 0.3, 8 = 7.

significance. As shown in Fig. 7(a), when the Inverter-2’s duty
cycle « is set to 0.2, according to the complementary relation-
ship, the Inverter-1’s duty cycle needs to be set to 0.3, and the
amplitude of /; is greater than that of /5. When [ is set to 0, it is
necessary to adjust the timing of the driving signals of Inverter-1
and Inverter-2 to keep Uy; and Uy, in the same phase, thereby
keeping /; and I in the same phase. As shown in Fig. 7(b),
when the Inverter-2’s duty cycle « is set to 0.3, according to the
complementary relationship, the Inverter-1’s duty cycle needs
to be set to 0.2, and the amplitude of /; is smaller than that of
I>,. When [ is set to m, it is necessary to adjust the timing of
the driving signals of Inverter-1 and Inverter-2 to keep Uy and
Uy, in reverse phase, thereby keeping /7 and 15 in reverse phase.
It is worth mentioning that the excitation current in Fig. 7 lags
behind the corresponding inverter’s output voltage by 90°, and
its lag can be explained by (6).

C. Analysis of Maximum Output Power Transmission
Conditions

The secondary-side KVL equation based on the mutual cou-
pling theory can be expressed as follows:

JwMisIy + jwMasls = <jUJL3 + + R3 + Req) I

(7
where Req is the equivalent load before full-bridge rectifier,
which can be expressed as follows:

8R
—=. ®)

™

According to (4), (6), (7), and (8), Is can be calculated as
follows:

JjwCs

Ry =

L — V2Uqe (Mg cos (ar) e + Mo sin (ar))
T 7TLf(R3+8RL/7T2)

According to the characteristics of the full-bridge rectifier, the
system output voltage U, can be expressed as follows:

2v2
— L[ Ry

™
_ 4Ugc Ry, |M13 cos (am) €f + Moz sin (om)‘
n w2 L¢ (R3+8RL/7T2>

&)

Uo = IORL =

(10)
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Fig. 8. Simulated mutual inductance varies with the receiver’s angular mis-
alignment.

The system output power P, can be expressed as follows:

B U2 B 16U% (M13 cos (ar) eP 4+ Mas sin (om))QRL

P == =
° Ry w4 L2(Ry + 8Ry/ 7?)°

(11
From (11), after the circuit parameters of the system are
determined, the output power is determined by Mi3, Mss, a,
and (. According to the COMSOL simulation calculation, the
relationship between mutual inductance and the receiver’s an-
gular misalignment is shown in Fig. 8. M3 and M3 change
according to the cosine and sine laws, respectively. When the
receiver’s angular misalignment is in the angle range of (0°,
90°) and (180°, 270°), the signs of M3 and Ms3 are the same,
thatis, M13 X M23>0. When the receiver’s angular misalignment
is in the angle range of (90°, 180°) and (270°, 360°), the signs
of M3 and Mo3 are different, that is, M3 xMs3<0. To avoid
the cancellation of picked-up power, 5 needs to be optimized
according to the signs of Mi3 and Ms3. Specifically, when
M3 xMs3>0, 3 needs to be set to 0. When M3 xMo3<0, 3
needs to be set to 7.
After ( is determined, (11) can be written in the following
form:

P 16U3 (M35 4+ M3;) sin® (ar + ¢) Ry,
’ 7 L2(Rs + 8Ry, [ 72)*

™
) 057)
e (03

According to (12), P, reaches its maximum value when
sin?(am 4+ @) = 1,ie, ar +p = 5. Hence, the condition for
maximum output power transmission of the system is as follows:

(12)

where

(p = arctan (13)

13
Mos

1

T

M3
Moz

ﬁ _ O,whenM13 X M23 Z 0 -
- 7T7WheHM13 X M23 <0

o= % — arctan‘

(14)

This article selects two types of the receiver’s angular mis-
alignments (¢ = 45° and 120°) as examples to further explain
the conditions for maximum output power transmission. When 6
=45°, according to Fig. 8, M13 = Ms3 = 6 uH. By substituting
these mutual inductance data into (14), the maximum output
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TABLE II
ELECTRICAL PARAMETERS IN EXPERIMENT
Parameter Value Parameter Value
Use 150 vV f 100 kHz
Ry 10Q Ly, Lp 14.9, 15.0 uH
Chn, Cp 169.5, 169.7 nF C, G, Gy 18.0,18.1,35.2 nF
Ly, Ly, Ly 158.2,158.9,72.1 yH Ry, Ry, Ry 0.19,0.19, 0.08 Q

200 , , . ,

150 ? j
~ ///}./-—HS%/}:O
£ 100 A L
“

—— 6-120°, f0

—v— 6-120°, / j
. Nl
0 =S

0.0 0.1 0.2 0.3 0.4 0.5
a

Fig. 9. Calculated output power P, varies with the duty circle c.

power condition is that & = 0.25 and $ = 0. When 6 = 120°,
according to Fig. 8, M3 = -4.1 uH, Ms3 = 7.9 uH. By sub-
stituting these mutual inductance data into (14), the maximum
output power condition is that « = 0.35 and 3 = 7. To further
illustrate that optimizing the duty cycle « and phase difference
[ can achieve the maximum output power transmission, the
relationship between output power and duty cycle is calculated
by (11) and the parameters in Table II, as shown in Fig. 9.

When 6 = 45°, the maximum output power transmission
condition is that « = 0.25 and § = 0. When 6 = 120°, the
maximum output power transmission condition is that o = 0.35
and $ = m. The values of o and 3 corresponding to the maximum
output power transmission are consistent with the theoretical
calculation of (14). Therefore, Fig. 9 further demonstrates the
correctness of (14).

D. Analysis of Maximum Efficiency Transmission Conditions

The KVL equations for the circuit C¢-C;-L1-Rq and Cgp-Ca-
Lo-R5 based on the mutual coupling theory can be expressed as
follows:

o (= T) = (jwls + gy + Ra) T — jwMisly

oo (e —Io) = (jwla + gy + R2 ) T — jwMasls

(15)

According to (2), (4), and (9), I; and I can be calculated as
follows:

V2Uqy My s (]\413 cos(am)el P+ Mas sin(om'))
ﬂ'L? (R3+%)

+ V2Uy Ry cos(am)el?
w2 L2

- V2Uge Mg (]\413 cos(am)el P+ Mas sin(onr))
% (Rer 8f2L )

V2Uye R sin(ar)

7TUJ2L?

I =

(16)

I,

+
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Since (16) has no imaginary part, each inverter’s output volt-
age and current are in the same phase. If the losses of the two
inverters are ignored, the output power of the two inverters is
equal to the input power, which can be expressed as follows:

Usclae = [Uni 1| + [Upolgo] . (17
By substituting (3) into (17), the system’s dc input current /.
can be expressed as follows:

(18)

2 ) 2
Ije = ~— cos (am) &7 |Ty | + [ sin (amr) |Lg| .
T T

By substituting (16) into (18) and simplifying it, /4. can be
expressed as follows:

I 2U4c (M13 cos (am) el® 4 Moz sin (cwr))2 2U4 Ry,
“ 7212 (Ry + 8Ry [ 72) 2?12
_ 2 (M + Miy) sin® (om +¢) | 2UaeBy (g
7T2L% (R3+8RL/7T2) 7T2OJ2L?.

The system input power P;,, can be expressed as follows:

B 2U2. (M13 cos (ar) €8 4+ Mas sin (onr))2 2ULR,

" 2 L2 (R3 + SRL/TF2) m2w? L2
2U2 (Mf3 + M223) sin? (ar + ) 2ULR,

- 0
7T2L% (Rg + 8RL/7T2) 7T2W2Lf

According to (19) and (20), both 14, and P;, reach their

maximum values when sin®(am 4 ¢) = 1, ie., ar + ¢ = £
Hence, the conditions for maximum input current and input
power of the system are also given by (14).

The system efficiency 7 can be expressed as follows:

8RL/7T2

(Rs+(8R./72))’R,
w? (M123+A1223)sin2 (am+p

n= 21

)+R3+ (SRL/W2)

According to (21), n reaches its maximum value when
sin? (am+ ) = 1,ie., ar + ¢ = 7. Hence, the condition for
maximum efficiency transmission of the system is also given
by (14). It is worth noting that for the convenience of theoret-
ical derivation, this article ignores the losses of the inverters,
compensation networks, and rectifier. Therefore, the efficiency
of (21) essentially refers to the magnetic coupler’s efficiency.
The maximum efficiency transmission mentioned in the theo-
retical analysis section of this article refers to the efficiency of
the magnetic coupler, while the efficiency in the experimental
section refers to the dc-to-dc efficiency.

The relationship between system efficiency and duty cycle is
calculated based on (21) and the parameters in Table II, as shown
in Fig. 10. When 6 = 45°, the maximum efficiency transmission
condition is that « = 0.25 and 5 = 0. When 6 = 120°, the
maximum efficiency transmission condition is that & = 0.35 and
B = m. Figs. 9 and 10 further illustrate that the conditions for
achieving maximum output power transmission and maximum
efficiency transmission are the same, i.e, « and [ satisfy (14).
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Fig. 11.  Flowchart of the targeting magnetic field control method based on
phase difference and duty cycle scanning.

IV. TARGETING MAGNETIC FIELD CONTROL METHOD
A. Flowchart of the Targeting Magnetic Field Control Method

This article will generate a targeting magnetic field from the
perspective of achieving maximum efficiency transmission. Ac-
cording to (19) and (21), the conditions for achieving maximum
efficiency transmission and achieving maximum input current
are the same, i.e, v and [ satisfy (14). Therefore, based on phase
difference and duty cycle scanning and input current detection,
the maximum efficiency point can be found to achieve a targeting
magnetic field. Fig. 11 shows the flowchart of the targeting
magnetic field control method.
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Fig. 12.  Simulated waveforms of «, 3, and Iq. when 6 = 45°.

First, itis necessary to determine the phase difference between
the two excitation currents, that is, whether the value of [ is
0 or 7. The specific method is as follows: First, set the duty
cycle of both inverters to 0.25. Then, let the two inverters
operate in the same phase and reverse phase states, respectively.
Subsequently, the dc input currents in the same phase and reverse
phase operating states are detected separately, denoted as Igp and
Irp, respectively. Then, compare the sizes of Isp and Irp. If Isp
is greater than or equal to /gp, the optimized value 4 is 0;
otherwise, the optimized value By is 7.

After the phase difference is optimized, the next step requires
optimizing the amplitude relationship between the two exci-
tation currents, that is, optimizing the duty cycle of the two
inverters, 0.5-a and «. We use the duty cycle scanning method
to find the optimal duty cycle aqp¢. The specific method is as
follows: First, increase the value of the duty cycle «; (i =0, 1, 2,
..., 50) from 0 to 0.5 in steps of 0.01. Subsequently, detect and
record the dc input current /4. _; corresponding to each duty cycle
«;. Next, find the maximum value of (I4c 1, lac 2, ---s Ldc_50)
and its corresponding cv;. This ¢ is the optimal duty cycle cvpy.
Finally, let Inverter-1 and Inverter-2 operate in the states of duty
cycle 1-agpt and apt, Tespectively, with a phase difference of
Bopt- The excitation currents generated by this optimized state
can cause the transmitter to generate a targeting magnetic field.
This conclusion will be proven in detail in Fig. 16.

B. Typical Applications of Phase Difference and Duty Cycle
Scanning

To further illustrate the specific implementation process of
the targeting magnetic field control method based on phase
difference and duty cycle scanning, this article selects two types
of the receiver’s angular misalignment (§ = 45° and 120°)
as examples to explain. According to Fig. 8, when 6 = 45°,
M3 = Ms3 = 6 pH. Based on the parameters in Table II
and MATLAB/Simulink simulation, the waveforms of the duty
cycle o, phase difference (3, and input current /4. are calculated
as shown in Fig. 12, where a_1 and «o_2 represent the duty
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cycles of Inverter-1 and Inverter-2, respectively. a_1 = 0.5-a,
a_2 = a. The specific process of the targeting magnetic field
control method can be divided into 11 stages.

Stage 1-6 uses phase difference scanning method to find the
optimal phase difference 3. To avoid significant overshoot of
input current during the start-up process, soft start is adopted
in stage 1. Specifically, slowly increase the duty cycle of the
two inverters from O to 0.25, with a soft start duration of 5 ms.
In stage 2, let the two inverters operate in the same phase state
(8 = 0) for 5 ms, during which the input current is detected and
denoted as Igp. To avoid a significant overshoot of input current
caused by switching directly from the same phase state to reverse
phase state, the two inverters are kept in the OFF state for 5 ms
in stage 3 to release power. Then, perform a soft start in stage 4
with a duration of 5 ms. In stage 5, let the two inverters operate
in reverse phase state (8 = ) for 5 ms, during which the input
current is detected and denoted as Igzp. In stage 6, keep both
inverters turned OFF for 5 ms to release power. From Fig. 12, it
can be seen that Isp = 1.31 A, Irp = 0.13 A, and Isp > Irp.
Therefore, the optimal value of 3, is 0, which means that both
inverters will operate in the same phase in the subsequent stages.
According to (14), when M;3XxM53>0, the value of 3 should
be designed as 0. Therefore, the scanning result of the phase
difference is consistent with (14).

Stage 7-9 uses duty cycle scanning method to find the optimal
duty cycle aqpt. In stage 7, Inverter-1 operates with a soft start
for 5 ms, while Inverter-2 remains in the OFF state. In stage 8, let
« increase from O to 0.5 with a step size of 0.01, and change the
duty cycle every 1 ms for a total of 50 times, with a duration of
50 ms. At the same time, record the input current corresponding
to each duty cycle. Then, turn OFF two inverters in stage 9 for
5 ms and find the optimal « corresponding to the maximum
input current. From Fig. 12, it can be seen that the maximum
input current is 1.31 A, corresponding to avpy of 0.25. When
M3 = Mss = 6 uH, according to (15), the value of o can be
calculated as 0.25. Therefore, the scanning result of the duty
cycle is consistent with (14).

In stage 10, soft start is adopted with a duration of 5 ms.
In stage 11, let both inverters operate at the optimized phase
difference and duty cycle state (Bopt =0, aopt =0.25). As shown
in Fig. 12, through phase difference and duty cycle scanning,
as well as input current detection, it only takes 85 ms to find
the optimal values of o and J. Fig. 13 shows the simulated
waveforms of two inverters” output voltages (Uy; and Uyy) and
excitation currents (/; and I5) when 6 = 45°. In Fig. 13, two
enlarged views represent the waveforms at the same phase stage
and the reverse phase stage, respectively.

Fig. 14 shows the simulated waveforms of «, /3, and /4. when
6 = 120°, where M3 = —4.1 uH and My3 = 7.9 pH (see
Fig. 8). The processes in Figs. 14 and 12 are the same, except that
the input current values detected at certain stages are different,
resulting in different optimization values for ape and Bope. In
the phase difference scanning stage, the input currents in the
same phase and reverse phase states are Isp = 0.22 A (see stage
2)and Izp = 1.32 A (see stage 5), respectively. Since Isp < Irp,
the optimized value of 3,4 is 7. During the duty cycle scanning
stage, the detected maximum input current is 1.35 A (see stage
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Fig. 14.  Simulated waveforms of «, 3, and /4. when 6 = 120°.

2), corresponding to an optimized value of 0.35 for av,¢. Finally,
let the two inverters operate with duty cycles of 0.15 and 0.35,
respectively, and maintain the reverse phase state (see stage 11).
According to (14), when M3 = -4.1 pH and M35 = 7.9 uH, the
value of a and §3 can be calculated as 0.35 and 7, respectively.
Therefore, the scanning result of the phase difference and duty
cycle is consistent with (14).

Fig. 15 shows the simulated waveforms of two inverters’
output voltages (Ur; and Uyo) and excitation currents (/; and
I5) when 6 = 120°. In Fig. 15, two enlarged views represent the
waveforms at the duty cycle scanning stage and final optimized
operational state, respectively.
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Fig. 16. Magnetic field distribution generated by the transmitter under the

optimized excitation currents. (a)  =45°, 11 =1 =5.1 A. (b) = 120°,1; =
331 A, 1 =638 A.

Fig. 16 shows the magnetic field distribution generated by
the transmitter under optimized excitation current. When the
receiver’s angular misalignment 6 is 45°, from Fig. 12, the
optimized values of a,p and Byt are 0.25 and 0, respectively.
When two inverters are operating in the final optimized state,
the simulation calculation shows that the root mean square
(RMS) values of the excitation currents /; and Iy are both
5.1 A, and the two excitation currents remain in the same phase.
By inputting these two optimized excitation currents into the
COMSOL simulation, the magnetic field distribution generated
by the transmitter is shown in Fig. 16(a).

When the receiver’s angular misalignment 6 is 120°, from
Fig. 14, the optimized values of ape and Bop¢ are 0.35 and 7,
respectively. The optimized excitation currents of /; and I, are
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DC source

Fig. 17.  Experimental prototype.

3.31 A and 6.38 A, respectively, and the two excitation currents
remain in the reverse phase. Fig. 16(b) shows the magnetic field
distribution generated by the transmitter under the optimized
excitation currents when # = 120°. In Fig. 16, the magnetic
field lines generated by the transmitter pass vertically through
the receiver. The simulation results in Fig. 16 demonstrate the
correctness of optimizing the excitation current through phase
difference and duty cycle scanning methods to generate a tar-
geting magnetic field.

V. EXPERIMENT VERIFICATION
A. Experimental Setup

Fig. 17 shows the experimental prototype of the proposed
UAV wireless charging system, where the magnetic coupler
parameters are shown in Table I, and the electrical parameters are
shown in Table II. An ITECH IT6012D-800-50 and an ITECH
IT8514B are used as the dc power supply and electronic load, re-
spectively. Voltages and currents are measured using a Tektronix
TPS2014B oscilloscope. Power losses and efficiency are mea-
sured with a HIOKI PW6001 power analyzer. Inductance and
capacitance are measured using a HIOKI IM3536 LCR meter.
Two half-bridge inverters, dc detection circuits, and the control
board are integrated onto a single PCB. The MOSFETS used are In-
fineon IPB60R125C6, and the dc input current is detected using
ALLEGRO ACS724LLCTR-05AB-T current sensor chips. The
controller is implemented with an STM32F103C8T6 microcon-
troller. The two LCC compensation networks are integrated on
another PCB using Bourns PQ2614BLA-150K inductors and
TDK CGA6L4C0G2J153G160AA multilayer ceramic capac-
itor arrays as compensation capacitors. On the receiver side,
the series compensation capacitor and full-bridge rectification
filter circuit are integrated on a separate PCB using AnBon
SU10100-T rectifier diodes. Both the transmitter and the receiver
are manufactured using Litz wire with 0.05 mm x 1300 strands.
A large shielding core measuring 500 x 500 x 2 mm is formed
by arranging 25 PC95-type ferrite cores, each with dimensions
of 100 x 100 x 2 mm, beneath the transmitter.

The total weight of the two receiving coils is 293 g, which
refers solely to the weight of the Litz wire used for winding, ex-
cluding the weight of the winding frame and the rectifier board.
It is worth noting that the receiving coil was dimensionally
designed with reference to the DJI Phantom 4-Pro. However,
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this UAV has a total weight of only 1388 g and exhibits very
limited payload capacity. Consequently, the designed receiver
is unsuitable for application on the DJI Phantom 4-Pro due to
its relatively heavy weight. Nevertheless, the proposed magnetic
coupler can serve as a valuable reference for wireless charging
applications targeting UAVs with similar landing gear structures,
such as the DJI T100 agricultural UAV, which boasts a payload
capacity of 75 kg.

B. Phase Difference and Duty Cycle Scanning Results

Fig. 18 shows the experimental waveforms during the phase
difference scanning process, where the two enlarged views rep-
resent the waveforms of the two inverters’ output voltages and
excitation currents when 5 = 0 and 7, respectively. As shown
in Fig. 18, when £ is 0 and 7, the two excitation currents remain
in the same phase and reverse phase, respectively. In Fig. 18,
there are two time periods corresponding to a slow increase in
excitation currents, which is due to the gradual increase in the
duty cycle of the two inverters from 0 to 0.25. In addition, there
is a period in Fig. 18 corresponding to two excitation currents of
0, which is set to the shutdown state to avoid overshoot caused
by directly switching from the same phase stage to the reverse
phase stage. The entire phase difference scanning process takes
a total of 25 ms.

Fig. 19 shows the experimental waveforms during the duty
cycle scanning process. The duty cycles of the two inverters
always maintain a complementary relationship, thatis, a_1+a_2
= 0.5. The duty cycle of the Inverter-2 increases from 0 to 0.5,
and the duty cycle of the Inverter-1 decreases from 0.5 to 0.
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Fig. 20. Input current waveforms during the phase difference and duty cycle
scanning process when 6 = 45°.

The step size of the duty cycle change is 0.01, and it changes
every 1 ms. The entire duty cycle scanning process takes a total
of 50 ms. The essence of duty cycle scanning is the excitation
current scanning. During the scanning process, one excitation
current increases and the other excitation current decreases, as
shown in Fig. 19.

When the receiver’s angular misalignment 6 is 45°, the
recorded input current waveforms (see /4.) during the phase
difference and duty cycle scanning process are shown in Fig. 20.
During the phase difference scanning process, when 5 = 0 and
m, the detected /4. is about 1.32 A and 0 A, respectively. The
optimized value of 3 is 0 because 1.32 A > 0 A, meaning that
the two excitation currents need to remain in the same phase.
During the duty cycle scanning process, 14 first increases and
then decreases. The maximum value of I, is about 1.32 A,
corresponding to « of 0.25. Therefore, the optimal « obtained
during the duty cycle scanning stage is 0.25.
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The results of phase difference and duty cycle scanning in
Fig. 20 are consistent with the simulation results in Fig. 12.
Taking into account the waiting and soft start time, it takes a
total of 85 ms to find the optimal « and /5. The time taken for
this scan is extremely short compared to the time required for
wireless charging of the UAV.

This article selects four different angular misalignments
(0 =0°,45°,90°, 120°) to analyze the results of phase difference
and duty cycle scanning, where the definition of angular mis-
alignment is shown in Fig. 4(c). Fig. 21 shows the experimental
steady-state waveforms at four angular misalignments.

When 6 = 0°, the optimal values of a and 3 obtained by
scanning are both 0. That is, Inverter-2 remains in the OFF state,
while Inverter-1 operates at a duty cycle of 0.5, as shown in
Fig. 21(a). The measured output voltage U, and input current
Iqc are 46.1 V and 1.59 A, respectively. Due to the constant load
and input voltage during the experiment, which are 10 {2 and
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TABLE III
THEORETICAL AND SCANNED VALUES OF THE DUTY CYCLE AND PHASE
DIFFERENCE
% 0° 45° 90° 120°
Measured M;; (uH) 9.71 6.27 0 —4.29
Measured M,; (uH) 0 6.34 9.82 8.33
Theoretical o 0 0.2518 0.5 0.3485
Theoretical S 0 0 0 T
Scanned o 0 0.25 0.5 0.35
Scanned S 0 0 0 T

150V, respectively, the output power P, and dc-to-dc efficiency
71 can be calculated to be 212.5 W and 89.1%, respectively.

When 6 = 45°, the optimal values of « and [ are 0.25 and
0, respectively. That is, both inverters are operating at a duty
cycle of 0.25 and remain in the same phase state, as shown in
Fig. 21(b). The measured U, and /4. are 41.7 V and 1.32 A,
respectively. P, and n are 173.9 W and 87.8%, respectively.

When 6 = 90°, the optimal values of « and S are 0.5 and 0,
respectively. That is, Inverter-1 remains in the OFF state, while
Inverter-2 operates at a duty cycle of 0.5, as shown in Fig. 21(c).
The measured U, and I, are 46.5 V and 1.61 A, respectively.
P, and n are 216.2 W and 89.5%, respectively.

When 6 = 120°, the optimal values of « and 3 are 0.35 and 7,
respectively. That is, Inverter-1 and Inverter-2 operate in reverse
phases with duty cycles of 0.15 and 0.35, respectively, as shown
in Fig. 21(d). The measured U, and ;. are 43.7 V and 1.44 A,
respectively. P, and n are 191.0 W and 88.2%, respectively.

The theoretical basis for the scanning results in Fig. 21 is as
follows: The power allocated to the two transmitters is mainly
determined by their mutual inductances. If the mutual induc-
tance is large, a larger power needs to be allocated, and the
corresponding inverter needs to provide a larger duty cycle. If
the signs of the two mutual inductances are different, the two
excitation currents must be set to opposite phases to avoid the
power picked up by each canceling out.

Table III presents the theoretical and scanned values of the
duty cycle and phase difference. The values of M3 and Ms3
under four angular misalignment conditions are measured using
an LCR meter. The theoretical values of «v and /3 are calculated
using (14), while their practical values are determined through
experimental scanning. For all four angular misalignment cases,
the theoretical and scanned values of [ are identical. This is
because the difference between the input currents corresponding
to the same phase and reverse phase states of the two inverters is
sufficiently large, making incorrect determination of 3 highly
unlikely. Similarly, the theoretical and scanned values of «
are identical when the receiver is at 0° and 90°. Under these
specific angles, only one inverter is active while the other is
shut down. When the system operates in single-inverter mode,
the corresponding duty cycle is fixed at 0.5. However, minor
discrepancies between the theoretical and scanned values of «
are observed when the receiver is at 45° and 135°. These errors
are attributed to the scanning step size of « (0.01). Overall, the
theoretical and scanned values of a and 3 are in good agreement.
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misalignment € under four operating states of the system.

It is important to note that the scanning method proposed in
this work differs from mutual inductance identification and in-
telligent optimization algorithms. Maximum efficiency tracking
based on mutual inductance identification relies heavily on the
accuracy of current sensing and mutual inductance estimation.
Intelligent optimization algorithms, on the other hand, may con-
verge to local optima rather than the global optimum. In contrast,
the proposed method compares the relative magnitudes of the
input currents to determine the optimal « and 3. Although abso-
lute errors may occur during current measurement, the relative
comparison approach minimizes the probability of significant
errors. Furthermore, the full-scanning strategy adopted in this
work effectively avoids convergence to local optima.

C. Targeting Magnetic Field Verification

The previous section provided the optimal phase difference
and duty cycle for four angular misalignments. This section will
demonstrate whether the transmitter generates a targeting mag-
netic field when the system is operating under these four optimal
« and . Namely, verify whether the magnetic field generated
by the transmitter is pointing vertically toward the receiver.
It is difficult to directly measure the direction of the resultant
magnetic field generated by the transmitter. Therefore, we will
indirectly describe the direction of the resultant magnetic field
by searching for the maximum output voltage under different
angular misalignments. Fig. 22 shows the relationship between
the output voltage U, and the receiver’s angular misalignment
6 under four operating states of the system.

When 6 = 0°, from Fig. 21(a), the optimal values of « and 3
are both 0. Now, keep the system operating in a state where both
« and 3 are 0, and change the receiver angle in steps of 15°.
Then, measure the corresponding U, at each angle as shown
in the black curve in Fig. 22. When 6 = 0°, the corresponding
U, is the highest, with a value of 46.1 V. This measurement
result indicates that the resultant magnetic field generated by
the transmitter is along the positive x-axis direction, as shown
in Fig. 23(a).

When 6 = 45°, from Fig. 21(b), the optimal values of o and
[ are 0.25 and 0, respectively. Now, keep the system operating
in a state where o = 0.25 and S = 0. The relationship between
U, and 6 is shown by the red curve in Fig. 22. When 6 = 45°,
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Fig. 23.  Resultant magnetic field under four different angular misalignments.
(a) 0 =0°.(b) O =45°.(c) 0 =90°. (d) = 120°.

the corresponding U, is the highest, with a value of 41.7 V.
This measurement result indicates that the resultant magnetic
field generated by the transmitter is at a 45° angle to the x-axis
direction, as shown in Fig. 23(b).

When 6 = 90°, from Fig. 21(c), the optimal values of «
and /3 are 0.5 and 0, respectively. Now, keep the system op-
erating in a state where o = 0.5 and 5 = 0. The relationship
between U, and 6 is shown by the blue curve in Fig. 22. When
0 = 90°, the corresponding U, is the highest, with a value
of 46.5 V. This measurement result indicates that the resultant
magnetic field generated by the transmitter is at a 90° angle to
the x-axis direction, as shown in Fig. 23(c).

When 6 = 120°, from Fig. 21(d), the optimal values of
« and f are 0.35 and 7, respectively. Now, keep the system
operating in a state where o = 0.35 and 8 = «. The relationship
between U, and 6 is shown by the green curve in Fig. 22. When
0 = 120°, the corresponding U, is the highest, with a value
of 43.7 V. This measurement result indicates that the resultant
magnetic field generated by the transmitter is at a 120° angle to
the x-axis direction, as shown in Fig. 23(d).

The measurement results in Fig. 22 verify the correctness of
generating targeted magnetic fields through phase difference and
duty cycle scanning methods.

D. Omnidirectional Powering Results

Fig. 24 illustrates several typical test scenarios for evaluating
angular and positional misalignments. Specifically, Fig. 24(a)
shows rotation about the z-axis from 0° to 180° with no positional
misalignment (Ax = Ay = 0 mm). Fig. 24(b) and (c) present
the same rotational sweep under horizontal displacements of Ax
= 100 mm and Ay = 100 mm, respectively. Fig. 24(d) and (e)
demonstrate linear displacements along the x- and y-axes, each
ranging from O to 100 mm. Finally, Fig. 24(f) depicts a combined
case: the receiver is moved along the 45° direction by 0—100 mm
while maintaining a 45° angular misalignment.

Fig. 25 shows the output power P, and system dc-to-dc
efficiency 1 under several angular and positional misalignments.
When the receiver is rotated about the z-axis without positional
misalignment, P, remains in the range of 177.6-216.2 W, and 7
stays between 88.3% and 89.5%, as shown in Fig. 25(a). Both
P, and 7 reach their maximum values when the rotation angle
is 0° or 90°. This occurs because, at these angles, only one
coil is active while the other is turned OFF, thereby reducing
system losses. A discussion on determining the single-coil op-
erating mode to simplify the control strategy will be provided in
Section VI. Both P, and 7 reach their minimum values when the
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Fig. 24. Several typical cases for testing angular and positional misalign-
ments. (a) Rotate when Ax = Ay = 0 mm. (b) Rotate when Ax = 100 mm.
(c) Rotate when Ay = 100 mm. (d) x-directional misalignment. (e) y-directional
misalignment. (f) 45°-directional misalignment.
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Fig. 25.  Output power P, and system DC-to-DC efficiency n under several
angular and positional misalignments. (a) Rotate when Ax = Ay = 0 mm.
(b) Rotate when Ax = 100 mm. (c¢) Rotate when Ay = 100 mm. (d) x-directional
misalignment. (e) y-directional misalignment. (f) 45°-directional misalignment.

rotation angle is 45° or 135°. When the receiver is rotated about
the z-axis at Ax = 100 mm and Ay = 100 mm, the measured P,
and 7 are shown in Fig. 25(b) and (c), respectively. P, remains
within the range of 59.4-119.1 W, while 7 varies from 79.7% to
86.0%.

From Fig. 25(d), when the receiver is offset by 100 mm in the
x-direction, P, decreases to 59.4 W and 7 decreases to 79.7%.
From Fig. 25(e), when the receiver is offset by 100 mm in
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Fig. 26.  Relationship of equivalent mutual inductance Meq with (a) rotation

angle and (b) offset distance.

the y-direction, P, decreases to 119.1 W and 7 decreases to
86.1%. From Fig. 25(f), when the receiver is offset by 100 mm
in the 45°-direction, P, decreases to 44.6 W and 7 decreases
to 76.1%. Based on the above analysis, the maximum output
power and dc-to-dc efficiency of the system are 216.2 W and
89.5%, respectively. The dc-to-dc efficiency exceeds 76.1%
across =100 mm positional misalignment and arbitrary angular
misalignment.

The attenuation of output power and efficiency with misalign-
ment, as shown in Fig. 25, can be characterized by the mutual
inductance. Based on the output power calculation formula given
in (12), the equivalent mutual inductance between the transmitter
and receiver is defined as Meq = /M7, + M7;, The mutual
inductances M1o and M3 under the six misalignment conditions
illustrated in Fig. 24 can be obtained through simulation. Let
Meq1, Mgz, and M3 denote the equivalent mutual inductances
corresponding to the three angular misalignments shown in
Fig. 24(a), (b), and (c), respectively. Similarly, let Meqa, Megs,
and M, represent the equivalent mutual inductances for the
three positional misalignments in Fig. 24(d), (e), and (f). The
relationship of equivalent mutual inductance with rotation angle
and offset distance is presented in Fig. 26.

In Fig. 26(a), since M. is larger and more stable than M
and Mcq3, the angular misalignment tolerance in Fig. 25(a) is
better than that in Fig. 25(b) and (c). In Fig. 26(b), as the offset
distance increases, M.q5 decreases at the slowest rate, followed
by Mcqa, while M6 decreases the fastest. Therefore, the config-
uration in Fig. 25(e) exhibits the best positional misalignment
tolerance, Fig. 25(d) ranks second, and Fig. 25(f) shows the
poorest performance in resisting positional misalignment.

When the system is operating at maximum power, the mea-
sured values of I, I, and I3 are 0 A, 7.16 A, and 5.15 A,
respectively, and the phase difference between /3 and /5 is 90°.
By inputting the above currents into the COMSOL simulation
calculation, the magnetic flux density distribution on a cross
section at the maximum power transfer is obtained as shown in
Fig. 27. The main magnetic flux is concentrated in the receiver,
with almost no magnetic flux passing through the UAV. This
is because the bipolar transmitting coil mainly generates a
horizontal magnetic field rather than a vertical magnetic field.
Therefore, the proposed magnetic coupler has the advantage of
low leakage flux interference.

E. Comparison With Rotating Magnetic Field

Generally, a higher magnetic field utilization rate implies
higher transmission efficiency. Since magnetic field utilization
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Fig.27. Magnetic flux density distribution on a cross section at the maximum
power transfer.
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Fig. 28.  DC-to-DC efficiency n comparison between targeting magnetic field
and rotating magnetic field modes under several angular and positional misalign-
ments. (a) Rotate when Ax = Ay = 0 mm. (b) Rotate when Ax = 100 mm.
(c) Rotate when Ay = 100 mm. (d) x-directional misalignment. (e) y-directional
misalignment. (f) 45°-directional misalignment.

rate is not easily quantified, this article compares the targeting
magnetic field mode with the rotating magnetic field mode from
the perspective of transmission efficiency. According to Ref.
[19], a rotating magnetic field can be generated by exciting
two orthogonal coils with currents of equal amplitude and a
phase difference of 90°. Therefore, in the proposed UAV-WPT
system, a rotating magnetic field is produced by maintaining the
duty cycles of both inverters at 0.5 and their phase difference at
90°, while keeping all other parameters (including input voltage,
operating frequency, and compensation networks) unchanged.
The measured dc-to-dc efficiencies of both the targeting and
rotating magnetic field modes are shown in Fig. 28.

Under various angular and positional misalignments, the tar-
geting magnetic field mode consistently demonstrates higher ef-
ficiency than the rotating magnetic field mode. When the receiver
has no misalignment, the efficiencies of the targeting and rotating
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Fig.29. Power loss comparison between targeting magnetic field and rotating
magnetic field modes.

magnetic field modes are 89.1% and 84.1%, respectively, with
a minimum difference of 5%. When the receiver is displaced by
100 mm along the 45° direction, the corresponding efficiencies
are 76.1% and 60.9%, resulting in a maximum difference of
15.2%. In summary, the dc-to-dc efficiency of the targeting
magnetic field mode is at least 5% higher than that of the rotating
magnetic field mode.

Fig. 29 shows the power loss comparison between targeting
magnetic field and rotating magnetic field modes when no mis-
alignment occurs. Pry, PrRx, Pinvs Prec, and Ppcc represent the
total power losses of the two transmitting coils, the combined
losses receiving coil and its series compensation capacitors, the
total losses of the two inverters, the loss of the rectifier, and the
total losses of the two LCC compensation networks, respectively.
The Pry, Pry, and Pr,cc can be calculated from the ESR and
current of the component. The Pj,, and P,.. can be calculated
according to [23].

In targeting magnetic field mode, the output power, total
power loss, and dc-to-dc efficiency are 212.5 W, 26 W, and
89.1%, respectively. The values of Py, PRx, Pinvs Prec, and
Prcc are 9.7,5.5, 4.9, 3.6, and 2.3 W, respectively. In rotating
magnetic field mode, the output power, total power loss, and
dc-to-dc efficiency are 212.5 W, 40.2 W, and 84.1%, respectively.
The values of Pry, Prx, Piny, Prec, and Ppcc are 19.4, 5.5,
7.1, 3.6, and 4.6 W, respectively. When the receiver has no
misalignment, the mutual inductance between Coil-2 and the
receiver is nearly zero, so Coil-2 cannot deliver power to the
receiver. In targeting magnetic field mode, only Inverter-1 and
Coil-1 are active, while Inverter-2 and Coil-2 are turned OFF. In
rotating magnetic field mode, both inverters remain operational,
with both excitation currents maintained at their rated values. As
aresult, Py, Pi,y, and Pycc in targeting magnetic field mode
are all lower than those in rotating magnetic field mode.

F. Comparison With Previous Works

Table IV shows the comparison with typical UAV-WPT sys-
tems. Ref. [6] exemplifies face-to-face magnetic couplers, of-
fering structural simplicity and superior angular misalignment
tolerance. However, these transmitters generate a vertically (z-
direction) magnetic field, causing significant flux penetration
through UAV airframes and consequent leakage flux interfer-
ence. In addition, receiver deployment compromises the UAV’s
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original aerodynamic profile, which is not conformal. Ref. [12] is
arepresentative of using a horizontal (x-direction) magnetic field
to transfer power, which minimizes leakage flux interference
but exhibits poor angular misalignment tolerance. Ref. [16] is
a typical simple scheme that does not rely on magnetic field
control and only designs the magnetic coupler to improve angu-
lar misalignment tolerance. This type of transmitter generates a
magnetic field in all directions (omnidirectional) on a 2-D plane.
However, the receiver usually only requires a specific direction
of magnetic field after a UAV completes its landing, and most of
the magnetic field cannot be utilized, resulting in a low magnetic
field utilization rate. Ref. [19] is a representative of using a 2-D
rotating magnetic field to achieve omnidirectional powering.
Such a method has the advantages of not requiring receiver angle
detection and being simple to implement. Nevertheless, it suffers
from low magnetic field utilization rate since the generated
flux remains nonperpendicular to the receiving coil during most
scanning cycles.

Both Ref. [4] and this article employ active magnetic field
control to achieve a targeting magnetic field, ensuring the mag-
netic field generated by the transmitter is always perpendicular
to the receiving coil, thereby achieving a significantly higher
magnetic field utilization rate. The key to generating a targeting
magnetic field lies in determining the receiver’s attitude. Ref.
[4] utilizes mutual inductance identification to estimate the re-
ceiver’s attitude indirectly. However, this method requires prior
knowledge of the load value. In practical applications, additional
load identification is necessary, which increases the complexity
of system implementation. In contrast, this article adopts a phase
difference and duty cycle scanning approach to identify the
combination that corresponds to the maximum dc input current,
thereby achieving targeting magnetic fields more simply.

The primary reason for the relatively heavy weight of the
receiving coil is the use of a thick litz wire, specified as 0.05
mm x 1300 strands, with a rated current of 10.2 A. However,
the maximum current in the receiving coil under actual oper-
ating conditions is only 5.15 A. Therefore, a litz wire with a
specification of 0.05 mm X 650 strands would be sufficient in
practical applications. If such a wire is used, the weight of the
receiving coil can be reduced to approximately 146 g. Note that
the weight mentioned refers to the total weight of the receiving
coils installed on both sides of the UAV landing gear. The lower
weight of the receiving coil in Ref. [19] is attributed to the use
of only one receiving coil mounted on the UAV landing gear.
However, this configuration may lead to an imbalance in weight
between the left and right sides of the landing gear.

The weight of the receiving coil is not only related to the
transmitted power but is also significantly influenced by the air
gap of the coupler. A smaller air gap requires fewer turns of the
receiving coil to meet the power requirements, thereby reducing
weight. In this study, considering the practical need for a certain
thickness in encapsulating the transmitter and receiver, the air
gap was set to 20 mm. This air gap is larger than those used in
other studies, which contributes to the increased weight of the
receiving coil. The operating frequency in this work is 100 kHz.
Future research could explore higher operating frequencies to
further reduce the weight of the receiving coil.
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TABLE IV
COMPARISON WITH TYPICAL UAV-WPT SYSTEMS
Ref. [6] [12] [16] [19] [4] This article
Magnetic field L L Omnidirectional in | Rotating magnetic Targeting Targeting
distribution #-direction x-direction a 2-D plane field magnetic field magnetic field
90° phase Mutual Phase difference
Control method No control No control No control P inductance and duty cycle
difference . . . .
identification scanning
Control difficulty Simple Simple Simple Simple Difficult Moderate
M.a .gnet.lc field Moderate Moderate Low Low High High
utilization rate
Leakage flux High Low Low Low Low Low
interference
Conformal No Yes Yes Yes Yes Yes
Angular 0-360° 0-45° 0-360° 0-360° 0-360° 0-360°
misalignment
Positional 75 mm 20 mm 20 mm 50 mm 60 mm 100 mm
misalignment
Maximum power 13W 87.4 W 113.6 W 300.6 W 176 W 2162 W
Maximum 60% 87.3% 88.6% 88.9% 86.1 % 89.5%
efficiency
Coupler’s gap / 15 mm 10 mm 10 mm 0 mm 20 mm
Receiver’s weight / 564 ¢ 105 g 150 g 293 g

cr 269
Max 27.4
Min 25.4

cel 258
Max 27.1
Min 25.3

®
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Fig. 30. Relationship between receiving coil temperature and time: (a) time
=0 and (b) time = 2 min 57 s.

Fig. 30 shows the temperature variation of the receiving coil
over time when the system operates without misalignment. At
time = 0, the coil temperature is 27.1°C; at time = 2 min 57 s,
the coil temperature reaches 27.4°C. The coil exhibits negligible
temperature rise. This can be attributed to two main factors: first,
the system operates at a relatively low output power of 216.2 W,
and the total power loss of the two receiving coils is only 5.5
W; Second, the receiving coil is not encapsulated, allowing it to
dissipate heat effectively through direct contact with the air.

Regarding the overall weight optimization of the receiver
side, which includes the receiving coil, compensation network,
rectifier circuit, and the dc-dc converter required for practical
charging. Using thinner wires, reducing the number of capac-
itors in the compensation array, optimizing component layout
for higher density, and employing smaller heat sinks could all
contribute to weight reduction. However, these modifications
may lead to significant temperature rise, potentially affecting
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Fig.31. Simulated mutual inductance versus the theoretical optimal duty cycle
under different angular misalignment.

system longevity. Therefore, careful consideration of thermal
management strategies is essential when implementing weight
optimization measures.

VI. DISCUSSION ON CONTROL STRATEGY

Fig. 31 shows the simulated mutual inductance versus the the-
oretical optimal duty cycle under different angular misalignment
6. When 6 = 0°, M3 equals zero. At this point, Coil-2 cannot
transfer power to the receiver. Therefore, Inverter-2 and Coil-2
are shut down to reduce losses. Similarly, when 6 = 90°, M5
equals zero. Under this condition, Coil-1 cannot supply power to
the receiver, so Inverter-1 and Coil-1 are turned OFF to minimize
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losses. When 6 < 15°, M3 is significantly larger than Masg,
and the theoretical optimal duty cycle of «_2 is less than 0.1.
In this case, the power provided by Inverter-2 is very limited.
Experimental results indicate that operating with only one coil
yields higher efficiency than using both coils simultaneously.
Hence, when 6 is within the range of (—15°, 15°), Inverter-2
can remain shut down to reduce losses. Similarly, when 6 is
between 75° and 105°, Ms3 is much greater than M3, and
the theoretical optimal duty cycle of a_1 falls below 0.1. At
this point, since the power supplied by Inverter-1 is negligible,
it can be kept deactivated to avoid unnecessary losses. Thus,
introducing a single-coil operation mode judgment can help
simplify the control strategy.

Fig. 32 shows the flowchart for determining single or dual-coil
operation. Since the angular misalignment of the receiver is
unknown, the system indirectly determines the operating mode
by measuring the dc input current. When 6 falls within the ranges
of (—15°,15°) or (75°, 105°), one transmitter coil exhibits strong
coupling with the receiving coil, while the other shows very
weak coupling. Therefore, both inverters are first set to a duty
cycle of 0.25 and operated in the same phase and reverse phase,
respectively. The corresponding dc input currents are measured
and denoted as Isp and Irp. If the difference between Isp and
Irp is small (with a simulation-derived threshold of 0.5 A), it is
concluded that one transmitter coil is weakly coupled and cannot
deliver sufficient power. Thus, the system switches to single-coil
operation. Each inverter is then activated alternately while mon-
itoring the corresponding dc input current to determine which
coil should remain active. If the difference between Isp and Irp
exceeds 0.5 A, both transmitting coils are considered capable
of supplying considerable power to the receiver, and the system
operates in dual-coil mode. The duty cycle scanning method
shown in Fig. 11 is then applied to identify the optimal duty
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cycle. Fig. 32 reduces the computational burden by decreasing
the probability of executing duty cycle scanning. It is worth not-
ing that although single-coil operation achieves higher efficiency
than dual-coil operation, using only one coil is insufficient when
0 is outside the (—15°, 15°) and (75°, 105°) ranges. In such
cases, both coils must operate simultaneously to meet the power
requirements.

The primary reason for adopting a linear scanning approach
to determine the optimal duty cycle and phase difference in this
study is its simplicity and reliability. Only two-phase difference
scans are required to determine whether the optimal phase
difference is 0° or 180°. Similarly, finding the optimal duty cycle
necessitates only 50 scanning steps. The entire process of iden-
tifying the optimal phase difference and duty cycle takes only
82 ms. Although the system employs two inverters driving two
coils, the duty cycles of the two inverters maintain a complemen-
tary relationship. As a result, there is effectively only one control
variable. In contrast, traditional magnetic field vector synthesis
control methods with two or three coils generally involve two
or three control variables, respectively. For a system with two
control variables, if the same scanning step size is applied, a
total of 50 x 50 = 2500 scanning steps would be required.
In the case of three control variables, this number increases
drastically to 125 000 steps. Therefore, applying the linear
scanning method to systems with multiple control variables is
impractical. Alternative approaches, such as mutual inductance
identification or more advanced optimization algorithms, should
be considered.

The optimal excitation current amplitudes for multiple trans-
mitting coils primarily depend on the mutual inductance between
each transmitting and the receiving coil. Once the mutual in-
ductance values are identified, the optimal excitation currents
can be derived analytically [4]. However, mutual inductance
identification among multiple coils requires determining not
only the magnitude but also the sign of the mutual inductance,
which complicates the implementation. Furthermore, most ex-
isting mutual inductance identification methods assume that the
load value is known, while in practice, the load is often unknown
and time-varying [24].

Common optimization algorithms, such as genetic algo-
rithms, particle swarm optimization, and simulated annealing,
are suitable for complex problems with large search spaces.
However, due to their high computational complexity, these
methods are often impractical for implementation on embedded
controllers, such as STM32 or DSPs [25]. Gradient descent and
invasive weed optimization algorithms represent alternative op-
timization schemes. These are more suitable for scenarios where
the receiver’s position and orientation change frequently [26],
[27]. In future work, we will explore multidegree-of-freedom
wireless charging for hovering UAVs. Given the presence of
hovering disturbances, which may cause frequent changes in
position and angle, advanced gradient descent-based optimiza-
tion could be a promising solution. For wireless charging of
landed UAVs, where position and angle generally remain un-
changed, the simple linear scanning method remains sufficient
and effective.
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VII. CONCLUSION

To address the issue of misalignment tolerance and magnetic
field utilization rate for a UAV-WPT system, a transmitter with
two orthogonal bipolar coils and its targeting magnetic field
control method are proposed. The two transmitting coils pre-
dominantly generate x-directional and y-directional magnetic
fields, respectively. Through magnetic field vector superposi-
tion, the resultant magnetic field generated by the transmitter
can always be directed perpendicular to the receiving coil plane
by regulating excitation current amplitude and phase in both
coils, thus forming a targeting magnetic field. The mapping
relationship between required excitation currents and receiver
angles is analytically derived. Excitation current amplitude
and phase difference are controlled via duty cycle and phase
difference adjustments in dual half-bridge inverters. To avoid
detecting receiver angle directly, the generation of a targeting
magnetic field is implemented from a maximum efficiency
transmission perspective. Theoretical analysis indicates that
under the same duty cycle and phase difference parameters,
the output power, transmission efficiency, and input power can
reach their maximum values simultaneously. Consequently, a
targeting magnetic field control method integrating duty cycle
and phase difference scanning with dc input current detection
is developed. Experimental results indicate that the system es-
tablishes a targeting magnetic field within 85 ms, delivering a
maximum output power of 216.2 W and a peak dc—to-dc effi-
ciency of 89.5%. It maintains an efficiency above 76.1% under
positional misalignments of up to +100 mm and arbitrary angular
misalignments. Notably, the targeting field mode exhibits at
least a 5% higher dc—to-dc efficiency than the rotating field
mode.

The key advantages of the proposed system are as follows:

1) The two orthogonal bipolar coil configurations with a
targeting field control achieves omnidirectional powering
and superior field utilization rate simultaneously.

2) The control method requires only transmitter-side dc input
current detection, eliminating mutual inductance identi-
fication, receiver attitude detection, and communication
links.

3) Anorthogonal transmitting coil arrangement enables inde-
pendent control of two excitation currents due to inherent
decoupling.

4) Receiving coils maintain coplanarity with the landing
gear, ensuring aerodynamic conformity.

5) The horizontal magnetic field generated by the transmitter
can reduce the magnetic flux leakage interference passing
through the UAV.

It is worth mentioning that the proposed dual-coil system
incorporates one additional inverter and an LCC resonant net-
work compared to a single-coil system, resulting in increased
hardware complexity and cost. However, the proposed system
significantly improves tolerance to both positional and angular
misalignments while enhancing power transfer efficiency. This
trade-off is worthwhile for applications such as UAV wireless
charging, where high misalignment tolerance and transmission
efficiency are critical requirements.
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