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Optimization of a 6.78-MHz Inductive Power
Transfer System for Unmanned Aerial Vehicles

Jiasheng Huang
Zhe Zhang

Abstract—This article presents an optimization of a 6.78-MHz
inductive power transfer (IPT) system for unmanned aerial vehicles
(UAVs). First, in order to mitigate the impact of the misalignment
between the transmitting coil and the receiving coil on the output
power and system efficiency, a homogeneous-flux transmitting coil
was developed. The optimal allocation of turns of the transmitting
coil for generating a homogeneous magnetic field was obtained
using a built magnetic field and mutual inductance model com-
bined with an optimization algorithm. In addition, an analytical
eddy-current loss model of the air-core inductors was developed.
Through the iterative processes for proximity-effect loss, the re-
sistance modeling of the spiral and helical coils is improved, with
errors of 7.1% and 4.9%, respectively. Then, the parameters of
all the air-core inductors used in the study were optimized us-
ing the built loss model and optimization algorithm with vari-
ous design considerations. Finally, a 6.78-MHz 200-W IPT sys-
tem with a homogeneous-flux transmitting coil was demonstrated.
The proposed system exhibited high-misalignment-tolerance and
high-efficiency characteristics, maintaining an output power of
approximate 200 W and an efficiency of 89 % with a 25-mm lateral
misalignment.

Index Terms—Eddy-current loss, high misalignment tolerance,
inductive power transfer (IPT), optimization, unmanned aerial
vehicles (UAVs).

I. INTRODUCTION

NMANNED aerial vehicles (UAVs) have become increas-
U ingly popular in recent years due to their convenience in
performing a variety of tasks, including power line inspection
(see Fig. 1), monitoring, and so on [1], [2], [3], [4], [5], [6],
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Fig. 1. Typical application scenarios of UAVs: power line inspection.

[7]1, [8]. However, due to their small size and limited battery
capacity, the operation time of photography UAVs is typically
limited to approximate 30 min [9], [10], which is insufficient for
heavy-load tasks, such as large-area or long-time inspections.
To solve this problem, battery replacement is a straightforward
method to prolong the operation time. However, this method
requires human assistance. Alternatively, wired or wireless
charging technology can be utilized to recharge the battery. By
comparison, wireless charging technology is promising due to
its convenience and safety characteristics [11].

Wireless charging for UAVs can be achieved through two
main methods: inductive power transfer (IPT) using a magnetic
field [12], [13], [14], [15], [16], [17], [18], [19], and capacitive
power transfer (CPT) utilizing an electrical field [20], [21],
[22]. The use of wireless charging enables UAVs to operate
without interruption of returning to the base for charging, which
provides sufficient freedom [23]. However, one main challenge
toimplement IPT systems on UAVs is the misalignment between
the transmitting coil on the charging platform and receiving coil
on the UAVs, which results in a low efficiency and a unstable
power transfer.

In recent years, there have been growing research interests in
improving the misalignment tolerance of IPT systems for UAVs.
Such efforts can be categorized into two main approaches as fol-
lows. 1) Utilize control strategies [2]. (2) Optimize the inductive
coupler [13], [15], [16], [17], [18], [19]. In [2], based on the
concept of nonlinear parity-time symmetry, a variable-frequency
control approach was implemented to maintain a stable output
and efficiency of the system despite different levels of lateral
misalignment or transmission distance. However, the system
complexity and cost were increased by the need for additional
current sensing circuitries, including root mean square (rms)
value calculation and zero-crossing detection, as well as a dead


https://orcid.org/0000-0003-0842-7319
https://orcid.org/0000-0003-3725-4357
https://orcid.org/0000-0003-1160-585X
https://orcid.org/0000-0001-8407-3167
https://orcid.org/0000-0001-7046-9224
https://orcid.org/0000-0002-5612-0541
mailto:jiahuan@dtu.dk
mailto:ziou@dtu.dk
mailto:maea@dtu.dk
mailto:ydou@resonant-link.com
mailto:hxs@fjut.edu.cn
mailto:zhangzhedk@gmail.com
https://doi.org/10.1109/TPEL.2023.3299833

HUANG et al.: OPTIMIZATION OF A 6.78-MHZ INDUCTIVE POWER TRANSFER SYSTEM FOR UNMANNED AERIAL VEHICLES

time tuning circuit. Moreover, the output power of 10W was
insufficient for fast charging of UAVs. In contrast, optimizing the
magnetic coupler was shown to be a more cost-efficient solution.
In[16], an 85-kHz, 200-W IPT system with an asymmetric mag-
netic coupler was constructed for drones. The transmitting coil
formed by multiple groups of series circular coils was designed
to generate a uniform horizontal magnetic field. However, the
resulting misalignment tolerance ratio was only 11.1%. [17]
proposed a novel squirrel-cage receiving coil to pick up mul-
tidimensional magnetic flux generated by the transmitting coil
to improve the misalignment tolerance of the system. The mis-
alignment tolerance ratio is up to 22.7%, but the peak efficiency
is only 80%. In [18], a combined design of the transmitting coil,
receiving coil, and onboard compensation coil was carried out
to make the mutual inductance stable with different lateral mis-
alignments. This approach resulted in a misalignment tolerance
ratio of 50%, although with an efficiency of only 80.6%. The
operation frequencies of the work in [16], [17], [18] fall within
kHz range. In contrast, [13], [19] presented MHz-IPT systems
for UAVs. Both 6.78 and 13.56 MHz frequencies belong to the
industrial, scientific, and medical bands. Pushing frequencies
to the MHz range allows for the elimination of magnetic cores
and reduces the size of coils, which can be advantageous in
decreasing the weight of the receiver on UAVs [24], [25]. The
research work presented in [13] can achieve a high misalignment
tolerance, but its implementation is limited due to a 13-W output
power and 60% efficiency.

In this study, a homogeneous-flux transmitting coil is de-
veloped to keep the mutual inductance of the coupler stable
with varying misalignment, thereby enhancing the misalignment
tolerance of the system. Combining the built magnetic field and
mutual inductance model and an optimization algorithm, such
as Fmincon in MATLAB, the optimal allocation of turns for
the transmitting coil was obtained. In addition, a loss model of
the air-core inductor is built. Using the built loss model, the
parameters of the air-core inductor have been comprehensively
optimized to improve the quality factor and efficiency of the
system. The main work and contributions of this study are given
as follows.

1) Based on the model of the magnetic field and an optimiza-
tion algorithm (Fmincon in MATLAB), a homogeneous-
flux transmitting coil is designed. The validity of the pro-
posed design is confirmed through finite element method
(FEM) simulation and experimental measurement. No-
tably, the designed coil achieves a 25-mm lateral misalign-
ment tolerance, corresponding to a 34.7% misalignment
tolerance ratio.

2) A comprehensive analytical model for predicting eddy-
current losses in air-core coil inductors has been devel-
oped. Through the utilization of iterative procedures for
modeling the proximity-effect loss, the accuracy of the
model has been improved and found to have an error of
7.1% for a planar spiral air-core inductor and 4.9% for
a helical air-core inductor. Compared with using FEM
simulations, employing the proposed analytical model can
save a lot of computation time and resources while still
providing accurate results.
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3) By integrating the analytical loss model of the air-core
inductor with an optimization algorithm, this study has
optimized the parameters of all the utilized air-core in-
ductors, leading to significant enhancements in both the
quality factor and system efficiency. The outcome of this
optimization effort is a demonstrated 6.78-MHz 200-W
prototype that achieves a peak efficiency of 89%.

4) In summary, this research integrated various analytical
models such as the magnetic field model and the proposed
air-core inductor loss model to holistically optimize the
parameters of the inductors and inductive coupler. The
experimental results demonstrate the achievement of a
high efficiency of 89% and a high misalignment tolerance
ratio of 34.7% in an IPT system designed specifically for
UAV applications.

The rest of this article is organized as follows. Section II
outlines the circuit topology of the proposed IPT system, which
comprises a push—pull class-E inverter, an LCC-S compensation
network, an inductive coupler, and a passive push—pull class-E
rectifier. Section III presents the design of the homogeneous-flux
transmitting coil. Section IV describes the proposed analytical
eddy-current loss model of the air-core inductor. An itera-
tive process was employed to model the proximity-effect loss,
thereby improving the accuracy of the model. In addition, this
section provides the optimization and design flowcharts for all
the utilized air-core inductors, which take into account different
design considerations. In Section V, the built 200-W 6.78-MHz
prototype of the IPT system is presented along with its test
results. The proposed IPT system exhibits high-misalignment
tolerance and high-efficiency characteristics. Finally, section VI
concludes this article.

II. CirculT TOPOLOGY OF THE IPT SYSTEM

The circuit topology used in this study is illustrated in Fig. 2,
which consists of a push—pull class-E inverter, an LCC-S com-
pensation network, an inductive coupler, and a passive push—pull
class-E rectifier.

A. Design of a Push—Pull Class-E Converter

The class-E inverter, illustrated in Fig. 3, is a promising
topology for high-frequency IPT systems, in contrast to bridge-
type inverters such as half-bridge and full-bridge inverters, as
it only employs a single low-side switching device. However,
the resonance results in the voltage of the switching devices
exceeding the input dc voltage by several times. Consequently,
to mitigate the stress on the devices, a push—pull topology
comprising two class-E inverters with a 180° phase-shift, as
depicted in Fig. 2, was implemented. In addition, interleaving
two class-E converters in 180° phase-shift can suppress the odd-
order harmonic through the dc source [26], [27]. Prior research
in [27], [28], [29] indicates that satisfying the parameters of the
components, as specified in (1), is essential for load-independent
operation, constant voltage gain, and zero-voltage-switching
(ZVS) across the entire load. In (1), Vj, denotes the dc input
voltage, Pr,eq represents the rated power of the converter, Ryyeq
is the equivalent dc load resistance, w; is the operating angular
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Fig. 3. Topology of the class-E inverter.

frequency, Giny = 0.629125 is the ratio of the dc input voltage
to the amplitude of the ac voltage, and the p,, = 1.647457,
q = 1.291547, £ = 0.266228 are the optimal coefficients be-
tween the parameters. It is worth noting that the resonant capac-

itor C'fq,, also encompasses the output capacitance Cogs of the
semiconductor devices
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To simplify the design of the push—pull class-E rectifier, it
was decided to make its inductance equivalent to that of the
push—pull class-E inverter. Nevertheless, the external parallel
compensated capacitance is bound to differ, given that the equiv-
alent capacitance of the switching devices differs from that of
the SiC diodes. By employing circuit simulations based on the
predetermined resonant parameters, output voltage, and power
specifications, the voltage gain G, of the rectifier (the ratio of
the dc output voltage to the amplitude of the ac voltage) can be
obtained.

B. LCC-S Compensation

In this study, an LCC-S compensation topology, depicted in
Fig. 4, has been utilized due to its load-independent voltage

Inductive Coupler

Class-E Recitifer

éﬁ
1
|

Fig. 4. Circuit of the LCC-S compensated inductive coupler.

gain and zero-phase-angle (ZPA) features. The parameters of
the compensation network should meet (2). Furthermore, the
voltage gain of the compensation network can be evaluated
via (3)

1 1 1
Wg = = —
\/LPSCPP \/(LTX - Lps)Cps \/LRXCSS
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By integrating the abovementioned analysis, the overall volt-
age gain of the circuit can be calculated by

1
@ . GLCC—S : Grec-
Given that the LCC-S compensated inductive coupler serves
as the intermediate stage of the system, the efficiency of this
stage holds significant importance toward the overall system
efficiency. The determination of the efficiency of the LCC-S
compensated coupler can be calculated via [29]
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Fig.5. Illustration of the inductive coupler. The misalignment, d, is character-
ized as the lateral distance between the transmitting coil’s and receiving coil’s
central axes. In addition, the transmission distance between the transmitting coil
and receiving coil is denoted by the symbol h.

MLcc—s =11 12 - 13 )
where, Qrps = wsLps/Rips, Qrx = wsLrx/Rrx, Qrx =
wsLrx/Rrx,and Qr = wsLrx /Req are the quality factors of
the compensation inductor L,,,, the transmitting coil L7 x, the
receiving coil Ly, and the loaded circuit, respectively; k =

ﬁ is the coupling coefficient of the inductive coupler;

keq is the defined as \/L,s/Lrx.

III. HOMOGENEOUS-FLUX TRANSMITTING COIL DESIGN

The misalignment between the transmitting coil and receiving
coil has consistently posed a challenge in IPT systems, as it
will reduce the coupling factor and affect the efficiency of the
system. To address this issue and build a robust IPT system
with high misalignment tolerance, a homogeneous-flux density
transmitting coil was designed and implemented in this study.

A. Magnetic Field and Mutual Inductance Modeling

The inductive coupler is depicted in Fig. 5, showing both
its 3-D and 2-D cross-sectional views. The misalignment, §, is
characterized as the lateral distance between the transmitting
coil’s and receiving coil’s central axes. In addition, the trans-
mission distance between the transmitting coil and receiving
coil is denoted by the symbol h. Based on the Biot-Savart law,
the magnetic field generated by the transmitting coil at the point
Q(2q:Yqg» 2q)s B (24, Yq, 2¢) and its vertical component (parallel
to the Z-axis), B. (x4, Yq, Z¢), can be calculated by

—;

] Ko [P I(0) X R, Yg, 29,70, 6)
Blegunz) = 3 Z/ e e A
— sin(#) xq — 1 - cos(0)
I0) = | cos(d) |, R= Yq — 7 - sin(0)
0 Zq
- . T
B: (24, Yq, 2q) = B(2q, g, %) - [07 0, 1} (6)

given that I represents the unit current flowing through the
coil and 7; denotes the radius of each turn. Then, the mutual
inductance of the inductive coupler can be derived as

M e PPy fstx(k)
1

(z,y,h)dS

)
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Determine the specification,
including the dimensions of the
inductive coupler and so on.

v

Determine the number of turns and |
first set of the position of each turn.

Setting the constrain and evaluation
function (Eq. 8) and using
optimization tool boxes, optimize N

the position of the each turns.

If the variation of magnetic
field meets requirement?

End

Fig. 6. Design flowchart of the homogeneous-flux transmitting coil.

where, gz(x, y, h) is the magnetic field component parallel to
the Z-axis at the plane Z = h, and Sgx (k) represents the cover-
age region of each turn of the receiving coil. It can be found that
the constancy of the mutual inductance between the transmitting
and receiving coils is contingent upon a constant magnetic field
generated by the transmitting coil when the receiving is fixed.
Therefore, a homogeneous-flux transmitting coil is developed
in this study.

B. Placement of the Turns of the Transmitting Coil

In this study, a homogeneous magnetic field by the trans-
mitting coil within a predefined region can be achieved by
strategically placing each turn of the transmitting coil at the
required position. To derive a magnetic field generated by a coil,
there are usually two methods can be used, i.e., FEM simulations
and an analytical model based on the Biot—Savart law. Using
FEM simulations is a more general approach, particularly for
irregular simulation models, but it is often time-consuming.
In addition, combining FEM simulations and an optimization
algorithm for optimizing the placement of each turn of the
transmitting coil will be complex. Thus, this study employs
a Biot—Savart law-based analytical model combined with an
optimization algorithm. The design flowchart of the transmitting
coil for generating a homogeneous magnetic field is illustrated
in Fig. 6, which comprises the following steps.

1) Step I1:Inaccordance with the given application, the initial
step involves the determination of the size of the transmit-
ting coil, the appropriate distance between the transmitting
and receiving coils, the necessary misalignment tolerance,
as well as the target variation of the magnetic field at the
specified region.
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Fig. 7.  Simulation and calculation of the magnetic field at the plane which is

10 mm away from the plane of the transmitting coil. The excitation current is
1 A. Since the generated magnetic field is symmetry, the plot of the field can be
simplified into 2-D view. The x-axis of the figure means horizontal misalignment
refer to the center of the transmitting coil. The orange lines represent the
transmitting coil with eight turns and blue lines represent the transmitting coil
with six turns. The eight-turn normal design of the transmitting coil with the
turns’ radii array of [30.4, 36.34, 42.28, 48.23, 54.17, 60.11, 66.06, 72.0] (mm).
The eight-turn proposed homogeneous-flux transmitting coil with the turns’ radii
array of [30.4, 51.0, 54.5, 58.0, 61.5, 65.0, 68.5, 72.0] (mm).

2) Step 2: Determine the number of turns, and give the initial
set of the position of each turn.

3) Step 3: Set the constrain function, e.g., the minimal dis-
tance between each of two adjacent turns; Use the opti-
mization algorithm, e.g., Fmincon in MATLAB, to obtain
the optimal allocation of turns, which gives the minimal
variation of the magnetic field density at the required
region, as shown in

o(B:(z,q))

min f(z) = B.(r.q)

st. O0<x; < Tit1

,q €[0,d]

®)

where, o(B.) and B, represent the standard deviation and
mean of the generated magnetic field, respectively. (The
variation of the magnetic field is evaluated by the standard
deviation divide by the average value.)

4) Step 4: If the magnetic field variation generated by the
current design falls below the predetermined requirement,
the design process is deemed finalized. Conversely, if
the variation fails to meet the target, the iterative design
process must recommence at step 2, with adjustments
made to the number of turns.

C. Verification

Fig. 7 illustrates the magnetic field generated by four different
transmitting coils. The dashed lines correspond to coils with a
normal distribution of turns, while the solid lines correspond
to coils with optimal allocation obtained by the optimization
algorithm. Notably, the analytical-based calculation results align
closely with the FEM simulation results (ANSYS MAXWELL
is used in this study), signifying the potential of replacing FEM
simulations with the analytical model for optimization purposes.
Moreover, compared the magnetic field of the design with a
traditional uniform allocation of the winding, the field by the coil

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023

04 - — .
! | —— Proposed Design
| | —— Normal Design

(=}
W
/

Coupling factor &
j=3
[’}

e ¢ ¢
T
1

0 10 20 25 30 40 50
Misalignment (mm)

Fig. 8. Coupling factors by FEM simulations versus misalignments. The
distance between the transmitting coil and receiving coil is 10mm. The turns’
radii array of the receiving coil is [20.0, 22.0, 24.0, 26.0, 28.0, 30.0, 32.0, 34.0]
(mm). The blue line represents normal design of the transmitting coil with the
turns’ radii array of [30.4, 36.34, 42.28, 48.23, 54.17, 60.11, 66.06, 72.0] (mm).
The orange line represents proposed homogeneous-flux transmitting coil with
the turns’ radii array of [30.4, 51.0, 54.5, 58.0, 61.5, 65.0, 68.5, 72.0] (mm).

with the optimal allocation of the winding remains relatively flat,
resulting in a more stable mutual inductance of the coupler when
facing misalignment between the transmitting coil and receiving
coil. What is more, increasing the number of turns from 6 to 8
could improve the amplitude of the magnetic field, and reduce
the variation as well.

Fig. 8 presents the FEM simulation results of the coupling
factor of the inductive coupler with different misalignments. It
can be seen that, compared with the normal design (even distribu-
tion of the turns), the proposed homogeneous-flux transmitting
coil could improve the misalignment tolerance of the coupler,
i.e. the coupling factor could be kept nearly constant when the
misalignment is below 25 mm.

IV. OPTIMIZATION OF THE AIR-CORE INDUCTOR

In the last section, the optimization of the transmitting coil was
carried out to enhance the misalignment tolerance of the IPT
system. Besides misalignment tolerance, the efficiency of the
system is also a critical performance indicator. This section be-
gins with developing a loss model for spiral and helical air-core
inductors. Subsequently, an analytical model-based optimiza-
tion is employed to improve the quality factor of the air-core
inductors, thereby improving the efficiency of the system.

A. Eddy-Current Losses in Round Conductors

The conduction loss of an air-core inductor comprises two
parts: skin-effect loss and proximity-effect loss, which are vali-
dated to be decoupled by each other [30]. In this article, we will
separately model these two effects and combine the results to
derive the total loss. It needs to be noted that the built model is
based on infinite long conductors with round cross sections, as
shown in Fig. 9. Then according to the dimension of the coil,
derive its corresponding resistance.
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H, prox
—

!

Fig.9. 2-Dillustration for infinitely long conductor with round cross-section.
The radius of the conductor is r,,. The current through the conductor is unit

current I (magnitude f). To simplify the model, the Hyyox (magnitude ﬁpmx) is
assumed as constant.

Considering the eddy-current effect, the current density .J at
the point P(r,#) can be calculated as [30], [31]

Iitk  Jo(izkr)

Jsin(r,0) =
sin(6) 2217y J1 (i3 kry)
2u02igkrwﬁpquﬂl(i%krwr) .
er'r',a,er: sin(0
o {7 o) Solikra?) )
k= /wspo/p ©)

where, Jp and J; are the Oth and 1st order of Bessel functions
of the first kind, p is the resistivity of the conductor material, 1
is the vacuum magnetic permeability. Then the resulting eddy-
current loss per unit length can be calculated as

p 2m Tw 5
Pcddy—]oss = 5 / / |J‘ rdrdfd
0 0

where, the J can be replaced by Jg, for skin-effect loss and
Jprox for proximity-effect loss, respectively. After mathematical
conversions, the skin-effect and proximity-effect loss can be
rewritten as

(10)

PP & [ berg(&)beir (§) — berg(&)bery (&)
0(skin) Tre? 42 ber1(§)2 +beil(§)2
_ beig(§)beri (§) + beig (§)beiy () 2
bery (£)* + beiy ()
Popon) = — Varep berg(f)berl(fg + berg(&)beis (§)

bero(€)? + beig(£)”

~ beix(§)beis (§) — beia (§)bery (§) 2
bero(€)? + beig(¢)* P
(11)

B. Loss Modeling on Air-Core Inductors

Fig. 10 depicted two types of air-core inductors used in this
study, the helical coil and planar spiral coil, respectively. Based
on the eddy-current loss model of the round conductors, the total
power loss on the air-core inductor can be derived as

n
Ploss(Helical) = Z(Po(skin) + PO(prox)) : (27”"0)
i=1

Ijloss(Spiral) = Z(Po(skin) + PO(prox)) ’ (27”"1')-

i=1

(12)
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Fig. 10. TIllustration for two types of air-core inductors used in this study.
(a) Structure of a helical coil and its simplified 2-D cross-section view.
(b) Structure of a spiral coil and its simplified 2-D cross-section view.

| Simplify the 3D entity into a 2D model |
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v

Calculate the induced eddy current and simplify
the current distribution (Step 3) N

Eddy current converges to 0?

Y
A 4

| Calculate the proximity-effect loss (Step 4) |

Fig. 11. Tllustration for the iterative process for the proximity-effect loss
calculation.

The skin-effect loss can be calculated based on the geometry
of the coil by the initial model in (11). Nevertheless, the effort
is still needed to deal with the proximity-effect loss since it is
related to the external magnetic field Hyox. To this end, this
study proposes an iterative calculation method for modeling the
proximity-effect loss of an air-core inductor, as illustrated in
Fig. 11. In addition, it is worth noting that the proposed modeling
concept can be applied to other air-core inductors/coils, provided
that the windings are composed of round solid wire. To expound
on the iterative proximity-effect loss calculation process, we
employ a four-turn helical coil as an example and present the
details of each step in Fig. 12, which are described as follows.

1) Step I: The illustration displays four turns that are ar-

ranged in a line parallel to the Z-axis. These turns have
identical coil radius r. and wire radius r,,. In order to
apply the Biot—Savart law, the current through each turn
is considered to be a filament current concentrated at the
center of the round cross-section. The illustration denotes
the currents as Iy N1—Io, N4, signifying the initial currents
for the Oth iteration on the turns labeled as N1-N4.

2) Step 2: The estimation of H,ox is necessary for the calcu-

lation of proximity-effect eddy current and loss, as given in
(9) and (11). The assumption is made that the H0x equals
to the field generated at the center of each cross-section
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of the turns by all the filament currents from step 1. The
Hyrox can be calculated by applying the Biot—Savart law.
For instance, the Hpo cutting the turn N1 (Ho n1) equals
to the total flux generated by the current Iy N2, 1o N3, and
Ip,N4. Once the Hypox cutting the winding is obtained, the
induced proximity-effect eddy-current can be calculated
based on the model in (9), and the corresponding loss can
be obtained by (11) as well.
3) Step 3: The H-field generated by the induced eddy-
current, which cuts the winding reversely, was not consid-
ered in step 2. In this step, the induced eddy-current was
simplified into two filamentary currents, such as I ¢ N1
and I; , N1 at the turn N1, for the 1st iteration. The am-
plitudes of these two filamentary currents are equal to the
integral of the current density at the top half-cross-section
and the bottom half-cross-section. Moreover, the position
chosen for the filamentary current is £0.5r,, away from
the center of the cross-section. Then, go back to step 2
to calculate the generated magnetic field and proximity-
effect loss correspondingly. The process of step 2 and
step 3 should be applied iteratively until the induced eddy
current converges to zero.
Step 4: Summarize all the iterative results to get the total
proximity-effect loss.

4)

C. Modeling Verification

In order to assess the applicability of the proposed model for
calculating resistance in the helical and spiral air-core inductors
utilized in this study, a comparison is made between the modeled
results and those obtained via FEM simulations. A fine mesh is
employed over the conductor in the FEM simulations to ensure
precise simulation outcomes. The cross-section view of the
mesh allocation and current density simulation result is given
in Fig. 13. Fig. 14 presents the comparison results, indicating
a high level of agreement between the proposed model and the
simulation.

1% Itelration
[ X N}

2" Jteration

Tlustration for the detail of the iterative process for the proximity-effect loss calculation.

0.5 1 (mm)

Fig. 13. TIllustration for mesh allocation and current density result in the FEM
simulation. The left figure shows the mesh allocation. The right-hand side figure
shows the current density over the conductor.
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Fig. 14. Comparison between FEM simulations and model results.
(The parameters of the spiral air-core inductor: r = [43.5,48,52.5,57,
61.5,66,70.5, 75](mm), 7, = 1(mm). The parameters of the helical air-core
inductor: . = 20 mm, r,, = 0.5 mm, p. = 2 mm. The convergence of error
in FEM simulations is 0.002%.).

D. Air-Core Inductor Design Consideration

Based on the analytical model, including the resistance, and
inductance of the air-core inductor, the parameters of the coil
can be optimized with different design considerations. The
optimization of the air-core inductors in this study is depicted
in Fig. 15, and an example of optimizing the parameters of the
air-core inductor in the push—pull class-E converter is presented
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System Specifications
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Inductance model -- self-inductance (Eq. A.1) and mutual inductance (Eq. 7)
Magnetic field optimization -- magnetic field (Eq. 6) optimization function (Eq. 8)
Loss model -- Resistance and loss model of the air-core inductor (Eq. 9 ~ Eq. 12)
Circuit model -- Parameters of the circuit and resonant tank efficiency (Eq.1 ~ Eq. 5)
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Fig. 15. Optimization of the air-core inductors in the proposed system.

20 higher quality factor. However, it is insufficient to solely
® 10 Turns consider the quality factor without taking into account
sl ’s ° z iurns the power density of the converter. Therefore, the optimal
- urms design of an inductor in a class-E converter should balance
§ Y * 7Tums the quality factor and volume while meeting the required
210 inductance value for circuit operation. This multiobjective
= problem can be solved based on the analytical models
> s of the inductance and resistance combined with an op-
timization toolbox. The optimization results are shown in
Fig. 16, where all points meet the inductance requirement
0 | for the class-E converter design. However, different sets

80 100 120 140 160 180 200

of parameters lead to varying coil resistance and volume.
Considering the power density and efficiency, the design
point can be selected. Comparing the optimal design with
one of the 10-turn solutions (Case 1 denoted by a red
triangle), it is evident that they have similar volumes,

Resistance (mf2)

Fig. 16.  Example of optimizing the air-core inductor in the class-E converter.

in Fig. 16. The description of the air-core inductor optimization but the optimal design exhibits 33% lower resistance,
is presented as follows. leading to improved efficiency. When compared to another
1) Air-core inductors in the class-E converter: For an air-core design with the same resistance (Case 2 denoted by a blue

inductor, a larger component volume typically results in a triangle), the optimal design has a significantly smaller
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TABLE I
OPTIMIZATION RESULTS OF THE AIR-CORE INDUCTORS

Description Symbols Inductance* | Q* fr* Structure parameters
Inductors in Ltf(a,b)/er(a,b) 664.6 nH 220 | >110MHz | Helical air-core inductor, six turns, r, = 10.3mm, r. = 0.55mm, p. = 2.0mm
Class-E converters Lia(ap)/Lra(a,b) 184.2nH 130 | >110MHz | Helical air-core inductor, four turns, r, = 6.50mm, r. = 0.40mm, p. = 2.3mm
Inductor in comp. Lyps 1.6puH 284 | >110MHz | Helical air-core inductor, eight turns, 7, = 15.0mm, 7. = 0.55mm, p. = 3.0mm
Spiral air- inducty =1
Transmitting coil Lpx 104pH | 333 | 25.6MHg | P dreore mductorn fw = fmm
Turns’ radii = [30.4, 51.0, 54.5, 58.0, 61.5, 65.0, 68.5, 72.0] mm
Spiral air- inductor, = 0.55
Receiving coil Lrx 44pH | 266 | 553MHg | P aircore inducton T mm
Turns’ radii = [20.0, 22.0, 24.0, 26.0, 28.0, 30.0, 32.0, 34.0] mm

" The data are measured by impedance analyzer Agilent 4294A at 6.78MHz.

TABLE II
SPECIFICATIONS OF THE IPT PROTOTYPE

Parameters Values Description
Vi 48V Input voltage
fs 6.78MHz Operating frequency
Vout 48V Rated output voltage
Phrated 200W Rated output power
Qa(b) GS66508T Switching devices in the inverter
LMGI210 Gate driver in the inverter
D) C3D10060A | Diodes in the rectifier
Ciplap)® 512pF Capacitor in the Class-E converter
Cpp** 330.4pF Capacitor in the primary compensation
Cps** 57pF Capacitor in the primary compensation
Css** 119.2pF Capacitor in the secondary compensation

" The capacitance includes the parasitic capacitor of the semiconductor and
external ceramic capacitor.
™ The capacitor are from ATC 800R series.

volume, reduced by 64%, thereby enhancing the power
density of the system.

2) Transmitting coil: The parameters of the transmitting coil
are mostly established in Section III, with the exception
of the wire radius of the conductor. As such, the transmit-
ting coil design procedure prioritizes compliance with the
misalignment tolerance specifications before optimizing
the wire radius for improving the quality factor.

3) Receiving coil: As indicated in (5), the efficiency of the
resonant tank is affected by both the inductance and quality
factor of the receiving coil. Therefore, the optimization of
the receiving coil aims to enhance the efficiency of the
resonant tank. Initially, the parameters of the receiving
coil are swept, and the inductance and quality factor of
the coil are derived using the inductance model and the
analytical loss model. Subsequently, the circuit model in
(5) is employed to determine the efficiency of the resonant
tank and the optimal set of parameters leading to the
highest efficiency is selected.

4) Inductor of the LCC-S compensation network: With the
specific design of the transmitting coil and receiving coil,
the mutual inductance of the inductive coupler can be
derived according to (6) and (7). To achieve a predeter-
mined voltage gain, the required compensation inductance
can be calculated using (3). Consequently, optimizing the
inductor in the LCC-S compensation network involves
considering the inductance requirement for the voltage

Class-E
Rectifier

Class-E Primary

Inverter LCC Compensation

Class-E Inverter Class-E Rectifier

(a)

Transmitting Coil

Electronic load

o S

L1

Auxiliary
power supply

Prototype

(b)

Fig. 17.  Prototype and measurement setup. (a) Prototype of the proposed IPT
system. (b) Measurement setup when system is running.

gain, as well as the structural parameters, such as the
number of turns, coil radius, wire radius, and pitch, for
improving the quality factor.
Following optimization, the parameters of the air-core induc-
tors used in this study, and their corresponding measurement
results, are listed in Table 1.
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Fig. 18.  Inductive coupler measurement result with different misalignment.
The distance between the transmitting coil and receiving coil is fixed as 1 cm. The
blue solid line represents the mutual inductance of the coupler versus different
misalignment. The orange solid line represents the coupling coefficient versus
different misalignment.
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Fig. 19. Circuit test results, when keeping input voltage as Vi, = 48 V and
resistive load as R; = 10.5 €2. The blue solid line represents output power versus
misalignment. And the orange solid line represents system efficiency versus
misalignment.
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Fig. 20. Experimental waveforms when the inductive coupler is aligned.

(a) Measured drain-source voltage of the inverter and current through the
transmitting coil. (b) Measured diode voltage of the rectifier and output voltage.
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100 . . . . . . . .
89.0%
& 01 ossooo—o—o— —ase |
S v
=
&
g 80t .
.2
2 —o— 5=0mm
=0t ]
0=25mm
60 | | l ! !
0 25 50 75 100 125 150 175 200 225
P W)
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TABLE III
COMPARED WITH THE REPORTED IPT SYSTEMS FOR UAVS

Reference  Operating frequency Power Efficiency Trans;r;idtitlilr;g coil Receiving size Lateriil:;;zg;ggmem tgf;::;ﬁng:g*
[15] 85kHz 200W 90% 180mm 20mm X 40mm +20mm 11.1%
[16] 500kHz 128.2W 89% 500mm 50mm x 200mm +20mm 8%

[17] 85kHz 135.8W 80% 220mm 20mm x 200mm +50mm 22.7%
[18] 150kHz 150W 80.6% 280mm Radius 80mm 150mm 50%
[13] 13.56MHz 13W ~ 60% 100mm 110mm x 110mm +75mm 5%
This work 6.78MHz 200W 89.0% 72mm Radius: 34mm 25mm 34.7%

* The misalignment tolerance ratio is defined as the lateral misalignment tolerance divided by the dimension of the transmitting coil.

V. EXPERIMENTAL PROTOTYPE AND MEASUREMENT

In this article, a 200-W prototype, as shown in Fig. 17(a),
was built, and the specifications and main components are listed
in Table II. The parameters of the air-core inductors, including
the inductive coupler, are already given in Table I. Notably, the
distance between the transmitting coil and the receiving coil
is 10 mm, with a coupling coefficient of k = 0.24 when the
transmitting and receiving coils are aligned. Fig. 17(b) shows
the measurement setup when the system is running.

A. Inductive Coupler Measurement Results

Fig. 18 presents the inductive coupler measurement results, in-
cluding the mutual inductance and coupling factor by impedance
analyzer Agilent 4294 A. It can be observed that when the
receiver locates within the free-positioning region (lateral mis-
alignment ¢ < 25 mm), the mutual inductance and coupling
coefficient of the inductive coupler can keep almost constant,
which validates the design of homogeneous-flux transmitting
coil.

B. Circuit Test Results

The circuit test results, which include the output power and
efficiency of the system under various misalignments of the
inductive coupler, are presented in Fig. 19. The input voltage and
resistive load were held constantas Vi, = 48 Vand R; = 10.5(2,
respectively. It can be concluded that the proposed transmitting
coil enables the built IPT system to exhibit high misalignment
tolerance, wherein the output power and system efficiency re-
main nearly constant, provided that the receiver is situated within
the free-positioning region (lateral misalignment § < 25 mm).

Figs. 20 and 21 present the operating waveforms of the system,
revealing that the ZVS of the switching devices in the inverter
is maintained despite misalignment. Moreover, the symmetry
waveform of the drain-source voltage indicates that the power
processed by each phase of the push—pull class-E inverter is
balanced. Keeping input voltage as Vi, = 48 V and gradually
increasing the resistive load from 10 to 150 €2, the efficiency of
the system at different load conditions can be obtained, as shown
inFig. 22. The efficiency will exceed 85% when the transmission
power is over 75 W, and a peak efficiency of 89.0% is achieved.
In addition, it can be found that even though there is a 25-mm

misalignment between the transmitting coil and receiving coil,
the efficiency of the system is almost same as the case when
the transmitting coil and receiving coil are aligned. Fig. 23
illustrates the losses breakdown of the converter operating at the
rated power output (P, = 200 W). 29% of losses are dissipated
on the inductive coupler. Compared to the push—pull class-E
inverter, the passive push—pull class-E rectifier dissipated 15%
more losses. Using a synchronous active class-E rectifier could
reduce the losses at the expense of increasing the cost and the
system complexity, since the phase detect circuit and gate driver
circuit are required for a synchronous rectifier.

C. Comparison With Existing WPT Systems for UAVs

Table III presents a comparison of the performance of wireless
charging systems for UAVs, as reported in recent literature.
Based on the data provided in the table, it can be found that the
proposed IPT system exhibits competitive advantages owing to
its superior efficiency and high misalignment tolerance.

VI. CONCLUSION

This article presents an optimization study of a 6.78 MHz
IPT system for UAVs. The study utilizes a push—pull class-E
inverter/rectifier and an LCC-S compensated coupled coil to
achieve ZPA impedance and load-independent features. To im-
prove the misalignment tolerance of the system, ahomogeneous-
flux transmitting coil is designed. The optimal allocation of
the transmitting coil turns is obtained by combining the mag-
netic field model and an optimization algorithm. In addition,
an analytical eddy-current loss model is proposed and verified
by simulation. The errors for the spiral and helical coils are
7.1% and 4.9%, respectively. Using the analytical loss model,
the parameters of all the air-core inductors used in this study
are optimized. Finally, a 6.78 MHz 200-W IPT system with a
homogeneous-flux transmitting coil is demonstrated. The in-
ductive coupler measurement results show that the coupling
coefficient and mutual inductance of the coupler remain almost
constant when the receiver is located in the free-positioning
region (lateral misalignment § < 25 mm). The circuit test re-
sults demonstrate that the system can maintain a 200-W output
power and 89% efficiency with a 25-mm lateral misalignment.
Based on the experimental results, it can be concluded that the
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proposed IPT system achieves high-misalignment-tolerance and
high-efficiency characteristics.

APPENDIX

With the built magnetic field model, the self-inductance of the
coil can be calculated by

q)self ZZ:l ffS(k) BdS
Lself - 7 = 7

(A1)

where, n denotes the number of turns of the coil, S(k) represents
the coverage region of each turn of the coil, [ is the unit current
flowing through the coil, B is the magnetic field generated by
the coil itself.
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