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A Lightweight and Robust Drone MHz WPT System
via Novel Coil Design and Impedance Matching
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Abstract—This article proposes a comprehensive approach to
address the challenges posed by the simultaneously varying dc load
and coil coupling in drone wireless charging, which inevitably occur
during battery charging and landing positioning. The combination
of two new coil designs, a quasi-elliptic transmitting (Tx) coil and a
“belt” receiving (Rx) coil, enables adequate power transfer at mega-
hertz (e.g., 6.78 MHz) and over a large circular landing area. The
on-board “belt” Rx coil (5.8 g) especially helps achieve lightweight
and minimize air resistance. A load-pull-based impedance analysis
is then performed to clarify the need for an impedance match-
ing network (IMN) on both Rx and Tx sides (i.e., Rx-IMN and
Tx-IMN). A new Rx-IMN explicit design is specially developed to
significantly limit the range of variation in the coupling coil input
impedance, thereby helping to simplify the design of the Tx-IMN to
ensure an efficient power amplifier operation. With the proposed
coil and IMN designs, actual drone wireless charging experiments
demonstrated improved system dc-dc efficiency (max. 83.5%) and
dc-dc voltage ratio stability at three representative landing posi-
tions (i.e., minimum, medium, and maximum coil coupling).

Index Terms—Coil design, drone,
megahertz, wireless power transfer.

impedance matching,

1. INTRODUCTION

NMANNED aerial vehicle (UAV) technology, especially
U small drones, has grown rapidly in recent years due to
advances in onboard sensors (e.g., telephoto cameras, infrared
cameras) and battery performance. This makes it possible to
deploy drones and their automated stations on a large scale,
enabling various applications including line patrol, firefighting,
urban security, and environmental monitoring [1], [2]. So far, au-
tonomous drone flight is a mature technology in itself, but there

Manuscript received 3 September 2022; revised 26 November 2022 and 9
February 2023; accepted 15 February 2023. Date of publication 27 February
2023; date of current version 19 May 2023. This work was jointly supported
in part by the Power Electronics Science and Education Development Program
of Delta Group, in part by the Natural Science Foundation of Shanghai under
Grant 21ZR 1431100, and in part by the National Natural Science Foundation
of China under Grant 52077132. (Corresponding author: Chengbin Ma.)

Yaoxia Shao, Ning Kang, Huan Zhang, Ruihan Ma, and Chengbin Ma are
with the University of Michigan-Shanghai Jiao Tong University Joint Institute
and Shanghai Jiao Tong University, Shanghai 200240, China (e-mail: yaox-
iashao@sjtu.edu.cn; corningkde@sjtu.edu.cn; hzhang 93 @sjtu.edu.cn; rui-
han.ma@sjtu.edu.cn; chbma@sjtu.edu.cn).

Ming Liu is with the Key Laboratory of Control of Power Transmission and
Conversion of Ministry of Education and School of Electronic Information and
Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
(e-mail: mingliu@sjtu.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TIA.2023.3249146.

Digital Object Identifier 10.1109/TTA.2023.3249146

, Student Member, IEEE, Ning Kang, Student Member, IEEE, Huan Zhang
, Senior Member, IEEE, and Chengbin Ma

, Student Member, IEEE,
, Senior Member, IEEE

is a lack of low-cost, lightweight solutions for automatic battery
charging of drones. Currently, most commercial drone charg-
ing stations employ contact charging or battery replacement
technology, which has reliability, complexity and cost concerns,
especially given the wide variety of outdoor environments [3].

The contactless nature and simplicity of hardware configura-
tion make wireless power transfer (WPT) an attractive and more
importantly reliable solution for drone charging stations [4].
Here, two main challenges in implementing WPT are 1) the
required small size and light weight of the receiver to minimize
the impact on drone aerodynamics, and 2) a sufficiently large
charging area because of unavoidable inaccuracy in the landing
position [5]. Table I summarizes several representative existing
works on drone WPT systems and compares with the proposed
system in this article. Note that in the above table, 7., and
Nsys Tefer to the coil efficiency and dc-de system efficiency,
respectively. And effective charging areas are normalized by the
magnetic flux areas of their respective receiving (Rx) coils, A4,y.
Among existing works, this article demonstrates the biggest nor-
malized charging area thanks to the megahertz (MHz) operating
frequency and compact Rx coil. In [5], a non-uniform spacing
coil optimized by a genetic algorithm is proposed to achieve high
power transfer efficiency and a large effective charging area, but
requires a large Rx coil. Ref. [6] employs a vertical Rx coil to
reduce wind resistance and reports a 54.6 g Rx coil with ferrites,
but requires push-rods to mechanically align the Rx position.
In [7], a sufficiently large charging area can be achieved by
replacing the propeller guard with a big Rx coil. This big Rx
coil may not be favorable in terms of lightweight and low wind
resistance, especially for professional drones. The charging area
is dynamically enlarged in [8] by switching between multiple
transmitting (Tx) coils according to a specific landing position,
but a conventional Rx coil still affects the aerodynamics of
the drone. Ref. [9] achieves a constant coil efficiency under a
dynamic change of coil coupling through operating frequency
modulation. Meanwhile, it does not consider the robustness of
the overall system when both the coil coupling and dc load
change. In other work targeting drone WPT applications, the
requirements for a “large” charging area and a “small” receiver
also cannot be met at the same time [10], [11].

For the current application of drone charging stations, it is
particularly advantageous to increase the operating frequency
of the WPT system to the MHz frequency band, such as at
6.78 MHz [12]. It should be noted that the 6.78 MHz is the
lowest frequency in ISM (industrial, scientific, and medical)
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TABLE I
EXISTING AND PROPOSED DRONE WIRELESS CHARGING SOLUTIONS

Coupling Coil Design Performance

f =380 kHz [5]

Poyt = 100 W

Tcoil = 92.4%
Charging area: 4.7 X Arx
Rx size: 18x18%5.6 cm

f =85 kHz [6]

Pout =874 W

Nsys = 87.32%

Charging area: fixed position
Rx size: 13%x3.5%0.8 cm

f =13.56 MHz [7]

Pout =13 W

Nsys = 60%

Charging area: 1.25x Arx
Rx size: 11x11x0.4 cm

f =302 kHz [8]

Pout = 183.7 W

Tlcoil = 90.8%

Charging area: 5X Arx (1 Tx)
Rx size: 15x15%0.25 cm

f =0.8-1 MHz [9]
Pout =10 W

Tlcoil = 93.6%
Charging area: 2.1 X Arx
Rx size: 14x14%3 cm

f =6.78 MHz [this paper]

Pout =80 W
MNcoil = 93.1%
Nsys = 83.5%

Charging area: 8.5X Arx
Rx size: 10x2.5x1.7 cm

bands and the only frequency recommended by ITU-R (Interna-
tional Telecommunication Union Radiocommunication Sector)
for consumer MHz WPT applications because of its minimal im-
pact to other licensed bands [13]. MHz operation can effectively
reduce the size of coils and circuit components, and improve the
spatial freedom of power transfer (i.e., power transfer distance
and robustness to coil misalignment) [14]. At the same time,
high frequency operation may result in high switching losses.
Therefore, topologies with zero-voltage switching (ZVS) and
zero-voltage differential switching (ZVDS) properties, such as
Class E and Class EF, have been widely used in MHz WPT sys-
tems [15], [16], [17], [18]. However, those resonant topologies
are known to be sensitive to changes in dc load and coil coupling,
which hinder their application in the drone charging. Because the
dcload and coil coupling change during battery charging and due
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to inaccurate landing position, respectively. Therefore, besides
the coil design, many other efforts are required to optimize
the topologies and parameters of the circuits when operating
at MHz.

In response to the above challenges, this article proposes a
systematic approach for a MHz Class E> WPT system dedi-
cated to drone wireless charging, including new coil and circuit
designs. This article has been considerably improved based on
its previous conference version [19], including the redesigned
Tx coil, explicit design of the Rx impedance matching net-
work (IMN), and new experimental results. The main contri-
butions and organization of this article are briefly explained as
follows:

1) Large charging area: A quasi-elliptic Tx coil is proposed

to achieve a large circular charging area (Section II-A);

2) Lightweight and compact receiver: A “belt”-inspired Rx
coil is designed, which is capable of receiving a sufficient
amount of electromagnetic power and weighs only 5.8 g.
Compared with the existing coils, this Rx coil enables a
low wind resistance and better manufacturing consistency
and efficiency (Section II-B).

3) Improving system robustness against simultaneous
changes in dc load and coil coupling: An Rx-side
impedance matching network (Rx-IMN) and its new ex-
plicit design are proposed to minimize the impact of
the changing dc load, thereby saving the capacity of the
Tx-side impedance matching network (Tx-IMN) to ensure
a high-efficiency power amplifier (PA) operation when the
relative position of the coupling coils, namely the landing
position, changes (Section III).

In addition, the design of Tx-IMN as well as the design
of the Class E PA, the sensitivity analysis of the IMNs, and
the experimental validation are also provided in the following
sections, Sections IV, V, and VI, respectively.

II. CoUPLING COIL DESIGN

For the target application in a drone wireless charging station,
the main design purposes of the coupling coils (i.e., Tx and Rx
coils) are as follows:

1) The Tx coil should be able to provide sufficiently strong
coupling over a wide charging area, due to the inevitable
inaccuracy of the landing position.

2) The on-board Rx coil should be as small and as light as
possible to minimize its impact on aerodynamics and flight
range.

3) The coupling coils should be able to efficiently transfer
an expected amount of power within a pre-defined target
charging area.

The coupling coils of the proposed drone MHz WPT system
are shown in Fig. 1. The quasi-elliptic Tx coil is made of a
copper strip, and the Rx coil adopts a “belt”-shaped design and
flexible printed circuit (FPC) (hereafter referred to as belt coil).
The Rx-IMN and rectifier circuits are housed inside a 3D printed
Rx-coil frame to achieve compactness of the receiver (45.6 g in
total).
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Fig. 1. Final design and layout of the proposed drone MHz WPT system.
(a) Overall view. (b) Exploded view.

A. Quasi-Elliptic Tx Coil

Considering the randomness of the actual landing position
of the drone, the Tx coil should provide a circular area with
strong coupling to the Rx coil. It is important to note that this
circular “coupling” area does not necessarily correspond to a
geometrically circular area due to the specific shape and location
of the Rx coil.

After repeating landing tests, the offset radius of a target
circular landing zone is determined as 80 mm. Here, the goal
of the coil design is defined to achieve a close-to-circular strong
“coupling” area that ensures,

k 2 ay - k/,max7 (1)

where k is the coil coupling coefficient and £™#* corresponds
to the maximum k in the landing zone. ay is a ratio representing
the permissible minimum coil coupling.

Here, a simulation based Tx-coil design is given to modify a
reference Tx coil with a basic shape (e.g., square or circular) to a
quasi-elliptic Tx coil, which provides a target circular coupling
area with an Rx coil of non-circular shape (e.g., the belt Rx coil).
Note that £ is certainly influenced by the shape, dimension and
location of the Rx coil. Thus a geometric square or circular Tx
coil can not necessarily guarantee a final coupling area with the
same shape. Fig. 2(a) and (b) show the simulation results of the
coupling coefficient k between reference Tx coils and the belt
Rx coil.
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Fig.2. Design of quasi-elliptic Tx coil based on simulated coupling coefficient

distribution of reference Tx coils with basic shapes. (a) Coupling coefficient of
a reference square Tx coil. (b) Coupling coefficient of a reference circular Tx
coil. (¢) Coupling coefficient of the final quasi-elliptic Tx coil. (d) Modification
from the reference Tx coils to the quasi-elliptic Tx coil.

The design procedures of a final Tx coil, such as the above

quasi-elliptic Tx coil, are given as follows:

1) The parameter ay in (1) should be determined as a design
guidance. Physically, ax should be slightly lower than the
ratio of k at the center to £™* (about 73% in Fig. 2(a) and
(b)) to ensure a continuous charging area. Thus, ay is taken
as 70%. Note that a too small ay, is problematic because it
makes the following impedance matching difficult when
the coil coupling and dc load vary.

2) The coupling coefficient between a reference Tx coil
(square or circular) and the Rx coil is simulated, then the
boundary of the relatively strong coupling charging area
can be obtained [refer to white dashed lines in Fig. 2(a)
and (b), and (1)].

3) The white dashed area is compared with the white target
area. The differences (i.e., arrows in Fig. 2(a) and (b)) are
used to modify the reference coil to the quasi-elliptic coil.
Since the Tx coil design is guided by the differences in the
coupling coefficient, the circular shape of the relatively
strong coupling charging area is achieved in the final coil
design [refer to Fig. 2(c)].

For the MHz WPT (especially for frequency bands above

3 MHz), it is difficult or expensive to fabricate effective Litz
wires due to the need of extremely small strand diameters [20],
which have been widely used for kHz WPT [21]. Solid copper
wire, copper foil and copper tube have been applied to the MHz
WPT [22], [23], [24]. Here, Tx coils with different rectangular
cross sections are simulated and compared, as shown in Fig. 3. It
can be seen that with the same cross-sectional area (red dashed
curve), the quality factor of the coil improves more by increasing
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Fig. 3. Quality factor simulation of Tx coils with different cross section sizes.
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Fig. 4. A deformable Rx belt coil (N = 4).

copper height h than by increasing copper thickness ¢. Namely,
the strip coil represented by the design at the lower right corner of
Fig. 3 is selected. Note that the turn number of the Tx coil should
be maximized to achieve an inductance as high as possible but
avoid the overvoltage of the compensation capacitor (4 turns
here).

B. Belt Rx Coil

For the MHz WPT, it is possible to use an air-core light PCB
(printed circuit board) Rx coil. At present, the majority of the
PCB coils are with a planar spiral shape. This conventional
planar design is ineffective to pass through a sufficient amount of
magnetic flux when a compact Rx coil is required, such as in the
current drone application. Therefore, this article proposes a new
FPC-based helix belt coil, as shown in Fig. 4. This belt coil is
made of a 0.2 mm FPC and weights 5.8 g (2 layers of 2 oz copper
foil). A unique “buckle” structure is also proposed to connect the
two ends of the FPC coil. It is worthy to mention that the mass
production of special-shaped coils is always challenging, but
the proposed FPC belt coil is straightforward to fabricate. Fig. 5
shows how the belt coil is formed by soldering “buckles”. This
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Fig. 5.

Forming the belt coil by soldering the “buckles”.

coil can also be easily changed to different shapes for various
types of drones, namely, i.e., with different d’s in Fig. 4 and
thus different inductances and quality factors. Note that further
reduction in the receiver’s weight is possible by replacing the
3D printed frame 21.2 g (46% total weight) with a new design
using lighter, stronger materials (such as carbon fiber). The 3D
frame used in this article is for rapid-prototyping purposes.

This article also develops an optimal design to analytically
optimize the trace width and number of turns of the belt coil,
rather than relying on time-consuming finite element analysis
(FEA). It is known that the power transfer efficiency improves
with

w? M?

b
TtxT'rx

2

which relates to the loading effect of the Rx side on the Tx
side (i.e., reflected impedance) [14]. Here, w is the operating
frequency (=6.78 MHz); M is the mutual inductance, and
rx 18 the ac resistance of the Rx coil. For the present appli-
cation of the drone wireless charging, the compactness and
thus lightweight are very important. Therefore, a new Fig-
ure of Merit (FoM) is defined to guide the design of the Rx
coil:

Mz /T
rrxv;x B K (er/w) Arx [erw + (er -

FoM,x =
0 X l)wg]’

(3)
where V is the volume of the belt coil; A, is magnetic flux
area of the Rx coil; Iy is the current magnitude in the Tx coil;
N is the number of turns of the Rx coil; w and w, are trace
width and trace spacing of the Rx coil, respectively [see Fig. 4];
¥, is flux linkage in the Rx coil, and K is a constant related to
coil thickness, perimeter and material conductivity.

To calculate ¥,, for the quasi-elliptic Tx coil, its z-direction
magnetic induction intensity at the center (Ax = Ay =0, k =
73%k™2%) can be approximately calculated by the Biot-Savart
law:

2
,UONththtx
9 3/2°

2 (Rtx + A22>

B. (Az) = “

where /10 is vacuum permeability; Ny is the number of turns of
the Tx coil; Az is height; and Ry is the average radius of the
quasi-elliptic Tx coil:

Ry ~ R 4 Rmin, (5)
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Fig. 6. Comparison of calculated and HFSS simulated z-direction magnetic
induction intensities of the quasi-elliptic Tx coil at positions with a different
coupling coefficient (note: 73% k™?2* point locates at the center of the Tx coil).
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Fig. 7. Graph-aided design of the belt Rx coil (d=25 mm, wg=1 mm).

(a) M versus Ny, and w. (b) FoM, versus N,.,, and w.

The accuracy of (4) is verified by comparing with high-
accuracy HFSS simulation results, as shown in Fig. 6. The
magnetic induction intensity at the center of the Tx coil
(i.e., k=73%k™2*) is weak and thus challenging for the
Rx coil design. Therefore, the Rx coil design under k =
73%Kk™2x is performed to improve the robustness of the wireless
charging within the target effective charging area. The flux
linkage in the Rx coil can be then approximately obtained
as:

Nix
Wrx = Arx Z Bz (Az) ‘Az:hho‘+0.5w+(i71)(w+wg)a (6)

i=1

where hyo¢ is the shortest vertical distance between the Tx
coil and the Rx coil. An optimal belt Rx coil can then be
designed based on (3). For instance, assuming 1) a 6.78 MHz
operating frequency and 2) a target 10 2 load impedance of
the Rx coil, the minimum mutual inductance M,;, is 235 nH
to provide a 10 € reflected impedance, which is a reason-
able value for the Class E PA operation [see Fig. 9]. Note
that the equivalent load of a typical battery changes during
charging. Thanks to the following impedance network design
in Section III, it is possible to first optimize the Rx coil
based on a single nominal Rx-coil load impedance, 10 €2 here
(an average real component of the Rx-coil load impedance
without the impedance matching). Through Fig. 7(a) and (b),
the optimal design is determined and marked by the blue
triangle in Fig. 7(b), by which M > M;,, Nyx =4, and
w = 3.5 mm.
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Fig. 8. Simulation of air speed streamlines and wind resistance of Rx coils
with different shapes under 40 km/h wind speed. (a) Drone without coil attached.
(b) Drone with the helix coil. (c) Drone with the spiral coil. (d) Drone with the
belt coil.

The design procedures of the Tx coil and Rx coil are summa-
rized as follows:

1) Determine the shape and size of the Rx coil based on the

shape and size of the drone’s landing gear.

2) Achieve an optimal shape (i.e., quasi-elliptic shape here)
of the Tx coil based on the modification of a reference
coil.

3) Further optimize the number of turns and cross-sectional
size of the Tx coil to make its inductance as large as pos-
sible, while avoiding the overvoltage of the compensation
capacitor, and also reduce the conduction loss.

4) Finalize the optimal design of the Rx coil based on the
optimized Tx coil.

The aerodynamic simulation is performed to verify the low
wind resistance of the proposed belt Rx coil, as shown in Fig. 8.
When wind with a speed of 40 km/h (nominal cruising speed of
the selected drone) is applied perpendicular to the front of the
drone (i.e., with zero pitch angle), the belt coil has less impact
on airflow streamlines than the existing helix coil and spiral coil
(with the same outer radius). The increase of wind resistance is
28.8%,2.9% and 1.4% for the helix coil, spiral coil and belt coil,
respectively. Note that the spiral coil further increases the wind
resistance when the pitch angle of the drone is not zero.

For the important balance issue, the circuits such as for
communication and charging control are placed on the other
side of the landing gear. Note that many professional drones
have cameras and sensors in the center of the bottom. It is a
practical solution to place the receiver and other circuits at the
two sides of the landing gear.
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Fig. 10.  Load-pull simulation when both final dc load and coil coupling vary.

(a) Input impedance trajectories of the full-bridge rectifier and full-wave Class E

rectifier under varying dc load. (b) Impedance trajectories without Rx-IMN. (c) Impedance trajectories with Rx-IMN.

III. ROBUSTNESS ENHANCEMENT

Fig. 9 shows the circuit configuration of the target drone
MHz WPT system. It consists of an input buck converter, a
Class E PA, a Tx-IMN, a pair of coupling coils and their two
series compensation capacitors, an Rx-IMN, a full-wave Class
E rectifier, and an on-board battery charger. In the figure (from
right to left), Ry, is the equivalent dc input resistance of the
battery charger (i.e., the final dc load of the WPT system), Zo.
is the rectifier input impedance, Znx is the input impedance
of the Rx-IMN, Z,¢ is the Rx’s reflected impedance on the
Tx side, Z.o; is the input impedance of the coupling coils,
and Znix 1s the input impedance of the Tx-IMN, namely the
actual PA load. The input voltage V1, of the battery charger is
forwarded as a feedback signal to control the dc supply voltage
of the PA, Vi,, in order to maintain a constant V7,. Note that
in this specific application, the final dc load Ry, and mutual
inductance of the coupling coils M may considerably vary
during the battery charging and at different landing positions,
respectively.

A. Necessity of Matching on Both Rx and Tx Sides

As shown in Fig. 9, Ry, is the input resistance of the battery
charger, and the input voltage of the charger V7, is constant dur-
ing the battery charging. Therefore, Ry, first slightly drops in the

Constant-Current (CC) mode, and then substantially increases
in the Constant-Voltage (CV) mode. Unlike the conventional
kHz WPT systems, the MHz WPT systems, such as operating
at 6.78 MHz, demonstrate an obvious reactive component of
the rectifier input impedance, as shown by the brown and blue
curves in Fig. 10(a). This is because of diode parasitics when
operating in MHz bands. These reactive impedance trajectories
present challenges to the high-efficiency operation of the cou-
pling coils and PA. In Fig. 10(a), the impedance trajectories
of the conventional full-bridge rectifier and full-wave Class E
rectifier are both shown for reference purposes. Note that the
Class E rectifier has an additional degree of design freedom,
the capacitances of its two parallel capacitors C;, and these
two C,’s are usually determined to be identical to enable a
diode duty cycle of D = 0.49 at Ry, = R™™. This maximizes
the rectifier’s output capability and avoid diode conduction
overlapping.

The variation in M, i.e., the relative position of the coupling
coils, is an important source of uncertainty due to the drone’s
landing inaccuracy [see Fig. 9]. Its impact can be described by
the reflected impedance Z,¢. Supposing that Cy, fully compen-
sates Ly, then the input impedance of the coils Z.o; and Z.qf
are almost equal,

Zeoil = Zref + Tix R Zrer, (7
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where
w2 M2
INex + Tex + ] (Wer -

Zref = Rref +jXref = |
N W k2 L L
Rer +jXer +.] (Wer - %CIX)

=K. (a +jb) o k? (1 +jQref) s (8)

where Q,t is the quality factor of the reflected impedance
defined by Qef = Xier/ Rrer- It can be seen from (8) that the
coil coupling coefficient has no effect on Q. Constant Qyef
curves under a varying k are shown by the dashed cyan curves
in the middle of Fig. 10(b).

It has been known that the Tx-IMN is effective to maintain a
high efficiency of the PA operation [25]. Meanwhile, when the
coil relative position (i.e., M) also changes, the Rx-IMN will
become necessary. Supposing that there is no Rx-IMN, then
Zyec 18 simply equal to Zn,«. The corresponding trajectories of
Zeoil are shown by the green curves in the middle of Fig. 10(b)
under changing Ry, and k [see black and red dashed arrows, re-
spectively]. With the existing Tx-IMN design, those trajectories
can be only mapped into the brown trajectories of Zyx (i.e., the
actual PA load) in the upper part of Fig. 10(b). The oval-shaped
blue shadow illustrates the desired locations of Zyix for an
efficient operation of the Class E PA. It is obvious that Tx-IMN
alone is incapable to provide the required impedance matching
when both the final dc load (i.e., Ry,) and landing position (i.e.,
k) change. An Rx-IMN is especially needed to suppress the
impact of the changing Ry, and thus makes it easier for the
Tx-IMN to handle the variations in both £ (i.e., an uncertain
landing position) and Ry..

B. Explicit Design of Rx-IMN

Supposing that C\ fully compensates L, (8) can be rewrit-
ten as:

w? M?
Zre zi.dkz Rrx*'X x) -« (9)
! Rer +JXer ( N JoN )
Thus,
Xre Xer
== =— . 10
Qref Rref Rer ( )

It would be ideal to match the Z,. trajectory, when Ry, changes,
to be along one of the constant (.. curves, again as shown by
the dashed cyan curves in the middle of Fig. 10(b). Thus, the Tx-
IMN only needs to match this single curve, when & also changes,
into the required high-efficiency region of the PA illustrated by
the oval-shaped blue shadow.

The parameters of the Rx-IMN, a T-network, can then be
analytically determined as follows. First, the input impedance
of the Rx-IMN can be calculated as:

Zer = Rer +jXer = jXTrxl + (Zrec +jXTrx2) //jXTrx3

jXTrx3 (Rrec + jXrec + jXTrXZ)

= j X1 + : . - ,
" Rree + jXree + j Xt + j X103

Y
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where Rye. and X,.. are the real component and imaginary
component of Zyec; Xtrx,i’s (1=1,2,3) represent reactances of the
passive components in the Rx-IMN [see Fig. 9]. Thus, the real
component and imaginary component of Zy,y can be derived
as:
2
B = Re {Znn} = (XTrxz+)i;)+(T5?;>2+Rfm

Xer =Im {Zer}
(Xt + X)) R+ (X2 + Xtoa + Xree) (Xt + Xt (X2 + Xiee))
- (Xt + X+ Xree) + 2,

(12)

In Fig. 10(c), the starting point Z,..5 and ending point Z ..
of Z,.. trajectory are shown by the blue curve in the lower part
of the figure, corresponding to R and R{*®*, respectively.
In order to make the Zn, trajectory as much as possible on a
constant Q,.o¢ curve, from (10), one condition is that

XerA o XerB

= . (13)
RerA RerB
The coil efficiency should also be taken into account when
designing the Rx-IMN, especially at the maximum output power
(ie., Ry, = Rf‘in). This efficiency can be analytically derived as
a function of k,

w? ktherxRerA
T'rx + RerA) [w2 ktherx + T'tx (Trx + RerA)]

Tleoil = ( ) (]4)
assuming Ry, = Rf‘i“ thus Znxix = Znixa- An average coil effi-
ciency under R{"" and a varying k can be defined as

.max

_ fkmin Teoil - dk

[T : 15
Neoil J;min ) ( )

kmax

To achieve an optimal 7)., the target starting point Z{,. o of
the input impedance trajectory of the Rx-IMN can be calculated
as follows:

(16)

* Mool _
BNexa = gRgny = 0
* p—
XerA =0

Then, the three parameters of the Rx-IMN can be analytically
derived by solving the three independent equations in (13)
and (16):

\@pl P6 Rreea+p2 Ryn— R?ecA Bna

Tl = 2pg Rreca
2 27 —D6( Xreer— X
X T2 = patps+ \[P 1 pézpfﬁ (Xreca recB) , ( 1 7)
— p
X Trx3 — — \/15

where

Dy = \/[p3+RrecA4+2pz(p62+R,ecgz)]
P6” Rreca

P2 =D6° + Ps + Reces”

P3 = Rieca” (P4 — 2p6® + 2Rrecs”)

pa = \/(pé +p3) (9% +13)

ps = —R.L A+ RLyp

P6 = XrecA — XrecB

D7 = Rieca + RiecB

P8 = RrecA — RrecB-

(18)
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Fig. 11.
target ray.

With the above designed Rx-IMN, it becomes possible
to match the Zn,x trajectory into a single curve, the pur-
ple curve in Fig. 10(c). This results in a significantly re-
stricted range of variation of the Z.; trajectories (the nearby
green curves) compared to their counterparts in Fig. 10(b),
which helps alleviate the difficulty of matching the Znix
trajectory to the PA high-efficiency region, i.e. the oval-
shaped blue shading in Fig. 10(b), by the following Tx-IMN
design.

IV. POWER AMPLIFIER AND TX-IMN DESIGN

The purpose of this section is to optimally design the parame-
ters of PA and Tx-IMN that guarantee a high-efficiency operation
of the Class E PA under simultaneously changing dc load and
coil coupling (i.e., the uncertainties during battery charging and
landing positioning).

A. Load-Pull-Based PA Design

Fig. 11(a) gives the load-pull simulation results of the Class E
PA with different Cy, assuming C| fully compensates Lg. In
the Smith chart, the contours of the PA’s output power (blue
dashed curves) and high-efficiency impedance region (oval-
shaped color shadows and 7, > 97%) are plotted. It can be
seen that a smaller Cy enlarges the PA high-efficiency region.
However, Cy should not be too small, otherwise it will reduce
the PA’s power output capability. In this article, a relatively
small Cs = 220 pF is chosen to especially enlarge the PA high-
efficiency region.

B. Explicit Design of Tx-IMN

The basic concept of the explicit Tx-IMN design was dis-
cussed in Ref. [25]. Note that this existing design cannot handle
the simultaneous changes in both dc load and coil coupling that
certainly happen in the present application of drone wireless
charging. A reference PA load impedance trajectory is first spec-
ified as a target ray, which passes through the PA high-efficiency

(b)

- => k Variation (k™" —&™)

©

Load-pull simulation for PA and Tx-IMN designs. (a) Selection of PA shunt capacitor Cs. (b) Selection of a target ray. (c) Tx-IMN design guided by the

region (i.e., the oval-shaped blue shadow in Fig. 11(b)) as much
as possible. This target ray is then mapped into the purple curve
in the upper part of the Smith chart in Fig. 11(b). It is exactly
defined by three parameters: 1) real component of Ry, A, 2)
imaginary component of X3, , and 3) angle 6y, namely the
starting point (Z3,) of the target ray and its direction. The
three equations to match the Zxy trajectory to the target ray
are:

* —
Z* _ Z RNtxA - RNtXA
NitxA — 4NtxA = %

NixA = XNixA

) = XnixB — XNixa

Onee = Onix = tan (O, 19)

By — Bnxa

The physical meaning of the above three equations are as
follows (see Fig. 11(c)):

1) The actual starting point Znxa of the Tx-IMN’s input

impedance trajectory, which corresponds to the case of
having R™™ and k™ (i.e., with the maximum PA output
power), should be positioned at the starting point (23, )
of the target ray.
The ending point Znixp should be at another loca-
tion on the target ray. Note that due to the limited de-
sign freedom, only this condition can be theoretically
guaranteed.

The analytical solution of (19), i.e., the explicit Tx-IMN
parameter design, are in the following form:

2)

_ (@£@3) R (£q193+9296) R,

— NtxA *

X1 = 2gs Reoila 2¢5° Reoila + XN“‘A
1 [ tq+ /2(£q193+9296) Ry

XTtxZ -3 ( qib 2 + 452 Reoiln ReA — coilB
o [ (£0133+9296) Ry

X3 = — 2432 Reoila

% € (—180°,—90°) U (90°, 180°]

. (0
O € (—90°,90°) 20)

i:{+
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Fig. 12.  Parameter design procedure.

where the intermediate variables are calculated as:

0 =VEGE+ G VE+ 6+ A0
©=q+q+2 (q1o +qi — QSQM)
@ =2q3q11 — G + @1

a4 = 2q3q12 + G + @190

qs = q7 tan Oy, — s

4% =G+ G 1)
q7 = Reoita — ReoiB
g8 = Xeoila — XcoilB

g9 = Reoita + Reoil

_ 2
qio = Reoita Reoilg tan Gltnx
qi1 = Reoila tan 0%,

q12 = Reoiis tan 0,

Fig. 12 summarizes the design procedure developed in Sec-
tions III and IV. It should be noted that if the changes in coil
coupling k and dc load Ry, are too large, the Znx trajectory
may exceed the PA’s high-efficiency impedance region. In such
a case, an iterative process is required to enlarge the high-
efficiency impedance region with a smaller C or have to reduce
the target range of dc load variation [see gray blocks in Fig. 12].

V. SENSITIVITY ANALYSIS

In the previous sections, explicit designs of Rx-IMN and Tx-
IMN were developed. In practical implementations, manufactur-
ing tolerances of passive components (inductors and capacitors)
may degrade the matching performance of the IMNs, especially
in the MHz bands. This section compares the sensitivity of
impedance matching to component tolerances for different IMN
topologies and provides practical solutions to mitigate the effect.

T-type IMN and II-type IMN are equivalent in terms of
impedance matching capability, and can be transformed to each
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K= Xy + Xoo + e
-X['fl
- Xrpo Xy
T-type Ko = Xpo + Xz + %
T1
X3 X
Xns= Xops+ X1 + %
T2
II-type
Fig. 13.  Transformation from T-type IMN to II-type IMN.
AXp, =5% AXp =5% AXp, =5%
(a) (b) (©
=50 —50 =50
AXpy, =5% AXpy, =5% AXyy, =5%
(d) (e) (H
Fig. 14.  Effects of parameter tolerances of Tx-IMN on the PA load impedance,

ZNtx- (a)—(c) T-type IMN. (d)—(f) II-type IMN.

other, as shown in Fig. 13. However, these two IMN topolo-
gies are different in terms of parameter sensitivity. Assuming
+5% tolerance in the passive components of T-type or II-type
Tx-IMNs (—5% tolerance has almost an opposite effect), Fig. 14
compares the effect of the above component tolerance to the PA’s
load impedance Znx. It can be seen that the T-type IMN has low
sensitivity to the variations of all its three reactive components,
i.e., good robustness. While the II-type IMN is more sensitive
to its upper component Xyy¢«1. This component is usually an
inductor and naturally has higher manufacturing error than a
capacitor. As for the Rx-IMN, T-type IMN still demonstrates
low sensitivity to the component tolerance, as shown in Fig. 15.
The reflected impedance remains distributed around the con-
stant (..r curve with the three component tolerances. However,
the II-type IMN is not suitable for the Rx-IMN implementa-
tion because of its high sensitivity to all the three component
tolerances.

The number of passive components is another important
consideration when implementing the IMNs, since more com-
ponents lead to higher power loss and larger size. The pro-
posed T-type IMNs are advantageous because half of their
passive components can be absorbed both at Tx and Rx
sides. In Fig. 16, the actual new components are colored in
purple.

The following practical solutions can be used to mitigate the
effects of passive component manufacturing tolerances:

Authorized licensed use limited to: Nanyang Technological University Library. Downloaded on March 22,2025 at 09:56:24 UTC from |IEEE Xplore. Restrictions apply.



3860

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 59, NO. 3, MAY/JUNE 2023

TABLE II
RX PARAMETERS OF EXPERIMENTAL SYSTEM

Different Designs Lex C;x = XTrx1 Trx er Lrex2 = X1rx2 CT[‘X3 = XTrxS Ly (ChOkC) Cr Ry,
[nH]  [pF] (€] Q] [nH] (€] [PF] (€] [nH] [PF] (€]
Without Rx-IMN 1445 748 - 0.29 212 - - - - 4.7k 530 7.8-23.4
With Rx-IMN 1445 1160 41.3 0.29 212 1990 84.7 900 -26.2 4.7k 530 7.8-23.4
Constant Q, . Curve
~——— 00 S0 s SSSE)
AX o =5% AXG L, =5% AXG L =5%
(a) (b) (©
50Q \SUQ —ﬁ 50Q .
o o . MHz Transmitter
AXpp=5% AXp0=5% AXp=5% (Buck+PA+IMN+Controller)
(d) (e) ®

Fig. 15. Effects of parameter tolerances of Rx-IMN on the reflected
impedance, Z.q;1. (a)—(c) T-type IMN. (d)—(f) II-type IMN.

| X1 X1 | | Xt Xt |
N N —
| LG Lo G| | & |
: ==Cres jX1o3 : : =Cix jX1n :
| [ | |

—l —l — —l

Znix Zeoil Znix Ziec

(@) (b)
Fig. 16. Implementation of the T-type IMNs (actual new components are

colored in purple). (a) Tx-IMN. (b) Rx-IMN.

1) Prioritize the use of T-type IMN, which usually has better
robustness over [I-type IMN, and enables absorption of
components by the original circuits.

2) Use L-C pair instead of a single inductor, through which
larger inductor error (e.g. 5%) can be compensated by
high-precision capacitors (e.g. 1%).

3) Use measured reflected impedance instead of a simulated
one to design the Tx-IMN.

VI. EXPERIMENTAL VALIDATION

A 80-W 6.78-MHz prototype drone wireless charging system
has been built up for validation purposes, as shown in Fig. 17(a).
A popular drone, DJI Mavic 2 Enterprise, was chosen as an
example target. The Tx PCBs (input buck converter, Class E PA,
Tx-IMN, etc.), together with their heat sinks, are mounted above
a3D printed air duct. A 650-V GaN MOSFET GS66504B isused
as the PA switch, which is driven by LM5114BMF; PDS3100

(b)

Fig. 17.  Experimental 80-W 6.78-MHz drone wireless charging system and
three landing positions. (a) Prototype system. (b) & = 0.085. (c) k = 0.104. (d)
k=0.122.

is used as the rectifying diode. The coupling coils designed in
Section II ensure that the drone can be effectively charged after
landing, as long as the random offset in any direction is within
80 mm. The parameter design (including coils and IMNs) is
performed according to the procedures developed in Sections IIT
and IV and listed in Tables II and III. For comparison purposes,
the parameters through the conventional design (i.e., without Rx-
IMN) are also added. Note that C., C{, and Cf, in the above two
tables absorb Xy«1, XTix1, XTix2, respectively [see Fig. 9]. For
the “without Rx-IMN” design in Table IL, C7, is an adjusted final
capacitance to compensate the reactive component of the rec-
tifier input impedance [see Section III-A]. Three representative
charging positions with minimum (0.085), medium (0.104) and
maximum (0.122) coupling coefficients are especially selected
in the following experiments [see Fig. 17(b)—(d)].

The experimental Z.,; and Znix trajectories in the conven-
tional design are plotted in Fig. 18(a). As same as the discussion
at the end of Section III-A, only Tx-IMN cannot prevent the
actual Znix (brown curves) from moving away from the PA
high-efficiency region. The obvious reactive components in the
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TABLE III
TX PARAMETERS OF EXPERIMENTAL SYSTEM

Different Designs  L¢ (Choke) Cy Lo Cl = Xrex1 Lix Cle = XTixa  Ttx  Qix  CrTixs = XTx3 k
[nH] [PF] [wH] [pF]  [@]  [H] [pF]  [Q] [ [PF] [
Without Rx-IMN 10k 220 1975 369 20.5 7100 82 16.2 1.2 252 804 -29.2 0.085-0.122
With Rx-IMN 10k 220 1975 548 413 7100 82 16.2 1.2 252 758 -31.0 0.085-0.122
High Bciendy 7 =z £=0.122
Impedance Region =
S
Target Ray Target Ray :5 =0.104
=
5
< DOV
« v =0.08
o =Ly = —Zy \T] I‘l‘q A
ariation (7.823.4 Q) ==> R, Variation (7.8-23.4 Q)
ion (0.085—0.122) = =% k Variation (0.085—0.122) .
t (150 ns/div)
Fig. 21.  DC output voltage and current waveforms when operating at full
@ (®) power.

Fig. 18. Experimental impedance trajectories of Z..;; and Zntx. (a) Conven-
tional design (i.e., without Rx-IMN). (b) Proposed design.

Fig. 19. Thermal photograph of coupling coils when operating at full power.
R=39Q
oy
d X A X
z R=2340Q
S
= N
> \ \ \ N\ N7
2 X X
G R=18Q
VAR \ \
£ \ \ .
t (150 ns/div)
Fig. 20.  Voltage waveforms of the full-wave Class E rectifier.

Zcoil trajectories (green curves) also indicate that the coupling
coils are less efficient. On the contrary, with both Rx-IMN and
Tx-IMN (i.e., proposed design), the Znx trajectories (brown
curves again) are all well within the PA high-efficiency re-
gion [see Fig. 18(b)]. The reactive component of Z.; is also
largely suppressed.

Fig. 22 shows the experimental performance of the proposed
design (red curves) versus the conventional design (blue curves).

It can be seen that, with the proposed design, both the peak
value and stability of the system dc-dc efficiency are significantly
improved. The variations of the system efficiency are suppressed
from 20% to 9.5%, 22.5% to 6%, and 28% to 6%, respectively,
under the three selected landing positions. For example, the peak
efficiency is increased from 80% to 83.5% when k = 0.122.
Another advantage of the proposed design is the more stable dc-
dc voltage ratio. In Fig. 22(d)—(f), the proposed design enables an
obvious suppression of the variation in Vj, to keep the battery
charger’s 25 V input voltage Vi,, as Ry, changes from 7.8 )
to 39 Q (i.e. from 80 W to 26.7 W), which reduces the loss
of the Tx-side buck converter under light loads (i.e., when Ry,
is large). Due to the minimized number of components when
implementing the T-type Tx-IMN and Rx-IMN, these two IMNs
consume only 1.37 W additional power at 80 W nominal output
power. This level of power loss is worthwhile considering the
improved overall system efficiency and robustness.

Fig. 19 shows a thermal steady-state image of the cou-
pling coils at full power. The surface temperatures of the Tx
coil and Rx coil are 28.17° C and 36.86° C, respectively,
thanks to the large heat dissipation surface of the copper
strips.

For reference purposes, the experimental waveforms of the
PAs (i.e., the drain-source voltage of the switch Q1) are also
given in Fig. 23. The conventional design can only provide
ZVS operation when final dc load Ry, = 7.8 2 (i.e., with 80 W
maximum output power and Vi, =25 V). When the battery
charging enters the CV mode, the increased Rj, causes the
hard-switching and thus a large PA loss and high total harmonic
distortion (THD). Again, with the proposed design, the PA can
maintain the ZVS operation under all the three different Ry,. All
the experimental results are consistent with the discussions in the
above sections, validating the improved robustness of the drone
WPT system under realistic scenarios. For reference purposes,
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Fig. 22.
k=0.104. () k = 0.122.

—#— Without RXx-IMN  —v— With Rx-IMN

Dc-dc system efficiency 775y s and required PA input voltage Vi, to keep Vi, =25 V. (a) k = 0.085. (b) k = 0.104. (c) k = 0.122. (d) k = 0.085. (e)

V. (80 V/div)

k=0.085 Without Rx-IMN

V. (80 V/div)

k=0.104 Without Rx-IMN
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k=0.122 Without Rx-IMN

Fig. 23.
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other voltage and current waveforms are shown in Figs. 20
and 21.

VII. CONCLUSION

This article presents a systematic and comprehensive ap-
proach to address the challenges posed by the simultaneously
varying dc load and coil coupling in drone wireless charging.
The new coil designs, a quasi-elliptic Tx coil and a “belt” Rx
coil, work together to enable adequate wireless transfer of power
over a large circular landing area. The “belt” Rx coil especially
helps reduce weight and air resistance of the on-board receiver.
A load-pull-based impedance analysis is performed to clarify
the need for impedance matching on the Rx and Tx sides (i.e.
Rx-IMN and Tx-IMN). A new Rx-IMN explicit design is then
specially developed to significantly limit the range of variation
of the coupling coil input impedance Z..,; compared to the
conventional design (i.e., without Rx-IMN). This helps save the
capacity of the Tx-IMN to ensure an efficient operation of the
PA. Finally, the theoretical analysis and design are validated by
the actual drone wireless charging experiments.
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