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Abstract—Wireless charging of unmanned ground vehi-
cles and aircraft has been proposed to increase charging
reliability and security, allow for autonomous functionality,
and either reduce battery size or increase continuous flight
time. This paper proposes a three-phase Litz wire primary
and a two-phase PCB secondary for high secondary-
side power density considering misalignment tolerances,
surface and volumetric power density, and coil sizing. Elec-
tromagnetic 3D finite element analysis (FEA) simulations
are conducted to study variation in mutual inductance
and coupling coefficient with different secondary coil sizes
and number of turns, horizontal and vertical misalignment
between the primary and secondary, and a combination
of both for a set of designs with the same rated power.
Results indicate that receiver coils of reduced size relative
to the primary can deliver rated power for increased power

density and higher tolerance to misalignment.
Index Terms—Wireless power transfer, inductive coupler,
multi-phase systems, wireless charging, unmanned aerial vehicles

I. INTRODUCTION

Inductive wireless power transfer (WPT) systems use high-
frequency excitation to generate electromagnetic fields cou-
pling and transferring power between two coils. Implementa-
tion of wireless charging systems may improve reliability and
autonomy in battery-powered electronics, including robotics,
unmanned aircraft vehicles (UAV), and small appliances [1].
Enhanced battery capacity factor through the application of
WPT may reduce necessary battery size, consequently reduc-
ing volume, weight, and dependence on critical materials.

Wireless charging capabilities for UAVs, as depicted in Fig.
1, can enable autonomous functionality, reduce the necessary
battery size for the intended flight profile, and minimize human
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interaction for operation [2]. Previous studies of WPT design
for UAV systems are typically designed to operate in ranges
from 300W to 750W [3]-[5] and have focused on improving
gravimetric power density [6], [7] and misalignment tolerance
between coupled coils [8], [9]. Methods to increase power
density are a topic of interest in wireless charging design,
requiring innovations in coil geometry or systematic design to
mitigate reductions in efficiency typical of reduced coil outer
diameter (OD) [10], [11].

Multi-phase coil configurations, such as the one seen in
Fig. 1, have been proposed to increase power density, field
utilization, and reduce voltage stress and receiver-side current
ripple compared to conventional single phase coils [12]. The
studied phase-per-layer bipolar double-D type coils are capable
of a number of phase combinations, which can enhance the
transferred power for the same surface area as previously
studied in [13]. Within that study, the two-phase coil con-
figuration was found to have advantages including electro-
magnetic isolation between phases on the same side, and
naturally balanced inductances and induced voltages, which
can significantly reduce overall volume and complexity on the
secondary side. The proposed combination of three-phase on
the transmitting coil and two-phase on the secondary coils was
found to increase the output power by a factor of three relative
to a single-phase coil at the same OD.

This paper proposes a high-power density polyphase coil
for wireless charging of UAVs and a process for integrated
machine learning design. Finite element analysis (FEA) was
used to simulate the electromagnetic performance of two,
three, and three-to-two phase macro-coil models for mutual
inductances and coupling coefficients with varying dimensions
and conditions. Consideration is given to stranded Litz wire,
PCB-type trace coils, and topologies consisting of a combina-
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Fig. 1.
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Example inductive PCB-type coil setup for stationary wireless charging of an electric drone. The charging coil can be positioned at the base or

wrapped around the legs of the drone landing gear. Exploded view of the substantially different coupling coils on the primary and secondary side with a
schematic of the power electronics. The two-phase coils are electrically and mechanically shifted by 90 degrees and three-phase coils by 120 degrees.
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Fig. 2. Resulting mutual inductance from a parametric study of receiver coil
OD and turns. Models with the same mutual inductance are ideally capable
of the same power output but can have varying misalignment tolerance.

tion of both coil types.
II. UAV AND WIRELESS CHARGING SPECIFICS

Typical objectives for WPT systems for drones are minimal
volume and weight on the secondary-side and maximum
misalignment tolerance at rated power. As a majority of the
constraints are on the receiver side, the volume on the primary
side was assumed to be unrestricted. With these assumptions in
mind, different sizing of coil OD allows for large transmitting
coils, which are typically not application constrained, and
small receiver coils to minimize the impact of integration on
flight characteristics. A larger coil OD increases the mutual
inductance, which can either allow for fewer turns or a
reduction of current and associated copper losses.

Design of inductive coils for UAVs considering the con-
straints of volume and weight requires detailed studies of
transferred power and misalignment tolerance. The output
power in a multi-phase system can be calculated using the
following equation:
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Fig. 3. Misalignment tolerances of a three-to-two phase model with 250mm
primary OD and 100mm secondary OD. Misalignments will affect models
differently based on coil configuration and connections type.

where K, represents the multi-phase model specific scaling
coefﬁc1ent M, is the maximum mutual inductance term
between a single phase of the primary and secondary, I; is the
secondary current, and I, is the primary current [12]. Under
perfect alignment, in a three-to-two phase system the output

phase current can be calculated as:
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where Z is the phase impedance [14]. The output current of a
multiphase system must be considered when sizing coils and
considering phase configurations.

The use of a three-to-two phase topology combined with
PCB-type coils is uniquely suited for WPT applications with
drones, as it benefits from a K, of 3, increasing power
relative to a single phase coil while reducing the number
of conductors and volume on the secondary side. Simulated
mutual inductances between phases are given as:
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Fig. 4. Simulated mutual inductance between the primary and secondary side
phase A coils with varying secondary OD and airgap length.

where subscripts P and S indicate primary and secondary side
coils, and A, B, and C designate the phase. A two-phase
receiver configuration has electromagnetically isolated phases
on the secondary, which may increase voltage excitations
compared to alternative phase configurations.

Wireless drone charging misalignment tolerance needs to
be maximized due to the high number of degrees of freedom
and overall impact on system performance. Horizontal coil-
to-coil misalignments can result in large variations in mutual
inductances and induced voltages, which can substantially
affect system performance depending on the coil geometry
and resonant tuning network [15], [16]. Vertical misalignments
also significantly determine effective coupling between coils
and requires a transmitting coil outer diameter multiple times
larger than the size of the airgap. Coupling coefficient, k =
\/Lj\ng’ is a metric which characterizes the effective coupling
between the primary and secondary coils and can be used to
compare between varied cases of coil misalignment.

III. INDUCTIVE COIL DESIGN STUDIES

A three-to-two phase macro coil model was developed
in ANSYS Maxwell [17], to simulate the electromagnetic
characteristics of various coil sizes and relative misalignments
between the primary and secondary within an example case
study. The macro coil represents a bundle of insulated con-
ductor strands, which are used to mitigate AC losses at high-
frequency and can be physically constructed with Litz wire
or PCBs. The model employed in this study was previously
validated experimentally by comparing simulated inductances
with LCR meter measurements of a 100mm OD prototype
PCB coil with satisfactory agreement of less than 10% error.

The parameterized simulation coils were designed to operate
at 85kHz with a primary coil size of 250mm OD, square ferrite
core on the outside face of the primary and secondary coils of
265mm width and 3mm thickness, and varying secondary coil
size. Coil width was maintained at 67% of the usable space
in each coil half resulting from previous studies maximizing
coupling coefficient. An airgap of 80mm was selected for the
case study as it results in a 0.2 coupling coefficient with a
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Fig. 5. Mutual inductance between the primary and secondary for secondary
ODs at 16 turns per coil half. Deviations in mutual inductance with offsets
grow smaller as the coils become largely different.

secondary coil sized for 250mm OD, selected to maximize
OD to airgap ratio while allowing for decent efficiency. Four
designs were constructed at varying ODs employing selected
number of turns to reach the same primary to secondary mutual
inductance following a parametric study of turns and OD with
results as depicted in Fig. 2.

The designs at 100mm, 150mm, 200mm, and 250mm outer
diameters were simulated at varying vertical and horizontal
misalignment to evaluate their respective change in mutual
inductance. An example worst-case scenario of horizontal mis-
alignment is shown in Fig. 3 using the secondary coil design
with the smallest outer diameter. It should be noted that there
is a region of relative coupling coefficient homogeneity, as
indicated with the dashed box on Fig. 3, which is dependent on
primary and secondary coil OD. With this in mind, alternative
methods to systematic coil design for misalignment include
automatic transmitter reposition such as reported prior in [18].

IV. RESULTS AND DISCUSSION

Results from the example case study include simulated
mutual inductance and coupling coefficient with parametric
studies of outer diameter, turns, and receiver misalignment.
Simulated mutual inductance as a result of varying secondary
coil OD and turns are depicted in Fig. 2 at a 40mm airgap.
The results revealed that there are bands within which the same
mutual inductance can be reached for different combinations
of OD and turns. For example, to reach a mutual inductance
of 30uH, the 100m, 150mm, 200mm, and 250mm ODs coils
would require 8, 12, 24, and 64 turns per coil, respectively.
Ideal surface area-related power densities for the 4 coil designs
are 12, 9, 3, and 2kW/m? respectively at 700W.

The offsets in alignment of coils have significant effects on
coupling between coils, similar to the variation in coupling
coefficient depicted for the worst-case example in Fig. 3.
Coupling coefficient and mutual inductance variation were
recorded for each study but resulted in very similar patterns of
variation. Results for increased airgap length or vertical spac-
ing between the primary and secondary coil in Fig. 4 highlights



Sensitivity Studies
¢ 3D FEA variation studies
e Airgap, primary OD, offsets, ...

B [uTesla]
4 Max: 30824.7

Synthesize Data for Al

¢ Range of primary coil dimensions
¢ FEA simulations of design cases

Al-based Optimization
1.0 =]
Deep Learning ANN

Hidden | [Output
Layerm| | Layer

2

o
@

Tnput

°
>

°
=

Normalized Input [p.u.]

o
N

0.0
sCs SFH SFO

Mid Uppe
— Upper Qu

— Lower Quartile
Mid Lower Quartile

o Sizing primary coil on electromagnetic properties

—©— 1 Phase
- - - 2 Phase

3 to 2 Phase
<l 3 Phase

Power = 700W

w IS

N
’

Neccessary Current [Arms]

0
100 150 200 250 300
Primary and Secondary Outer Diameter [mm]

—6— 1Phase l ZSEE
=3 - -3 - 2Phase 0 2400
= 3 to 2 Phase (} 2100
S | - 3Phase 1800
H
22 Current=1A 1500 | _
o 1200
3 900
] 600
o1 l 300
0
. Min: 03
100 150 200 250 300
Primary and Secondary Outer Diameter [mm] $
B [uTesla]
i

‘\ o Streamlined design process

Max: 30824.7

3000 *
l 2700

2400

2100 Prototype and Experimental Test Bench

Fig. 6. Flow chart illustrating the proposed coil optimization process through FEA simulations and machine learning. Coil dimension sensitivity studies were
completed to determine variation in mutual inductance, coupling coefficients, and induced voltages to determine appropriate sizing ranges. Electromagnetic
FEA simulations proposed calculate magnetic characteristics of design candidates, which have been used to train a surrogate machine learning model for a

fixed OD with potential extension to multiple ODs.

the importance of coil outer diameter in effective coupling
across the airgap. As secondary-side coil OD increases, mutual
inductance increases for the same airgap or the same mutual
inductance can be achieved at a larger airgap.

Reduced size of the receiver coil OD relative to the trans-
mitter can also reduce deviations in mutual inductance caused
by horizontal misalignment. The difference in OD of the
transmitting and receiving coil results in smaller variations
in the coupling with offsets, as shown in Fig. 5. As the
receiving coil becomes smaller than the transmitting coil,
results indicate that the coupling may become increasingly
tolerant to horizontal and vertical misalignment.

The electromagnetic properties simulated within the varying
studies emulate what we would expect with Litz wire or PCB-
type coils, which are employed minimize AC losses at high
frequency. Copper fill factor, volume, cost, and manufacturing
constraints, differ greatly between Litz wire and PCB-type
coils [19]. PCB coils have significantly smaller volume and the
potential for high configurability and low cost, however, have
significantly smaller maximum copper fill factor with current
manufacturing process limitations [20]. The comparatively
unconstrained size of the transmitter coil enables the utilization
of Litz wire, which otherwise may not be possible at small
sizes due to wire bend radii restrictions.

System performance is dependent on both coupling between
coils, system configuration including compensation tuning,
and losses within the coils themselves. Estimation of AC
resistance can be directly simulated for Litz wire in macro coil
3D models for various FEA solvers, however, methods for the
estimation of losses in PCB coils are still underdevelopment,
especially in geometries that are not axisymmetric. Prior stud-
ies, such as [21], have shown the capability for performance
near Litz wire with systematic coil design, suggesting that

PCB coils may be an ideal form factor in applications requiring
minimal volume and weight. Combining both coil types with
the largely different sizing can allow for high fill factor with
low-loss Litz wire on the primary side and low-volume, high
power density PCB-type coils on the secondary side.
Back-of-the-envelope estimations of volumetric power den-
sity can be estimated with approximate estimates of coil thick-
ness but vary significantly depending on Litz wire insulation
and bend radius. In an example 150mm OD 12 turn case for
a 700W rated system, the rated current would be 4 Arms
and the smallest wire gauge would be 16 AWG. Assuming
the insulation-to-conductor ratio follows commercially viable
Remington Industries [22] 14 AWG Litz wire, 16 AWG Litz
wire would have a total diameter of 1.8mm thickness, resulting
in a 12% difference per phase when compared with a typical
PCB thickness of 1.6mm. If the bend radius of the Litz wire
is not sufficient for the number of turns, then a smaller wire
gauge with more turns or a larger wire gauge can be used with
higher current, resulting in 1.4mm or 2.3mm or 12% to 40%
difference in total volume. In heavily constrained geometries,
Litz wire coils may have a lower volumetric power density or
not be feasible for small designs with a high number of turns.

V. MACHINE LEARNING-BASED DESIGN PROCESS

Conventional design of electromagnetic coils requires ex-
tensive simulation and testing when considering the sizing
parameters, parallel paths, coil configurations, and design con-
straints specific to each application. Deep learning algorithms
have previously been proposed to optimize coil modeling by
predicting coil inductances with high accuracy [23], [24].
Machine learning may be employed to drastically reduce the
time to optimize for minimal losses and volume at rated power



considering multiple factors, including the coil OD, number of
turns, excitation currents, and airgap.

Through the proposed machine learning design process in
Fig. 6, sensitivity studies will be conducted to select key
nonlinear design parameters that can be optimized in a deep
learning-integrated algorithm. A deep learning neural network
can be trained using physics-based equations and a large
dataset of 3D FEA electromagnetic design candidates to accu-
rately predict the mutual inductance and coupling coefficient of
a three-to-two phase system. The predicted mutual inductance
and coupling coefficient results can then be used to analytically
solve most characteristics of a design, including the induced
voltage, power transfer, and self inductance.

VI. CONCLUSION

This paper investigates the electromagnetic performance of
a polyphase three-to-two phase wireless power transfer system
for application with UAVs. Design considerations for applica-
tions with electric drones vs electric vehicles are explored and
the scalability of coil ODs with multiple airgap lengths are
studied. Sensitivity studies are conducted to analyze mutual
inductance and coupling coefficients of coils with varying
dimensions and configuration. Misalignment tolerances of
coils in different topologies are studied as offsets in coils can
have substantial effects on implementations for drones.

A unique configuration is proposed with Litz wire coils
for the primary coil due to the high fill factor and low
losses, and a PCB-type coil on the secondary side for reduced
volume and increased power density. Results indicate that a
smaller secondary-side OD can deliver the same rated power,
increase volumetric power density, and may improve tolerance
to misalignment assuming sufficient mitigation of AC losses.
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