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Curvature Angle Splitting Suppression and
Optimization on Nonplanar Coils Used in
Wireless Charging System

Feng Wen ", Fansheng Jing

Abstract—This article investigates the tapered and curved coil
used in wireless power transfer (WPT) system for the purpose
of improving flexibility in specific applications. The WPT trans-
mission performance is always declined by coil bending. To solve
this problem, the models of the coils are built, and their magnetic
flux are analyzed. The phenomenon of curvature angle splitting is
studied, the mechanism is revealed, and the method is proposed to
avoid the splitting. Formulas are derived to determine whether the
system is working in curvature angle splitting state. By optimizing
the coil parameters to make the system work in critical splitting
state, the maximum output power and excellent stability under
different angles are achieved. Experimental results show that when
the optimally designed receiver coil is bent in the range of 50°-130°,
the maximum current change rate is only 4.3%. The study in this
article will further promote the application of WPT technology in
a wider range of fields.

Index Terms—Angle splitting, curved coil, power stabilization,
tapered coil, wireless power transfer (WPT).

I. INTRODUCTION

ITH the application of wireless power transfer (WPT)
Wtechnology, in order to promote system transmission
performance in different application scenarios, scholars at
worldwide have developed a variety of topological structures.
From the initial two-coil coupled structure, three coils [1] and
four coils [2] with relay links have gradually evolved, and the
winding forms have also become various, such as space spiral
type [3], flat disk type, and double-D type [4]. The develop-
ment of WPT technology has also promoted the transformation
of military equipment worldwide, such as wireless charging
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system for military sensor network [5], digital soldier and ve-
hicle wireless charging system [6], underwater WPT system
[7], and ground rocket power supply system. Wireless power
supply system used in military fields, such as missiles and
rockets [8], can use nonplanar coils to fit conical or cylindri-
cal structures, which is convenient for system installation and
fixation. At present, relevant research works have been carried
out on the optimization of coil parameters and the application
of curved coils in WPT system at home and abroad. Literatures
[9]-[11] use flexible printed circuit board (PCB) receiver coil
and cooperate with strap bending to adapt to curvature of wrist.
In specific, the electrical parameters of flexible coil with the
change of curvature radius are analyzed, and the experimental
results show that power transmission efficiency between two
coils can alsoreach about 50%. However, the transmission power
is unstable due to the impact of wrist movement and curvature
changes when wearing. In [12] and [13], the influence of RFID
tag coil bending on radio frequency identification performance
is studied. The coil bending causes inductive coupling between
reader and electronic tag to decrease, and RF reading range is
reduced; by increasing inductance of curved coil, it is ensured
that there is proper inductance coupling when it is bent [14].
Since the working principle of wireless power transmission and
radio frequency communication is not the same, this method
can provide reference for the application of curved coil in
WPT. The performance of WPT system using a curved relay
resonator to extend transmission distance has been studied in
[15]. Experiments have shown that using a curved relay coil
can effectively extend the wireless power transmission distance.
However, as coil curvature increases, the wireless transmission
power (especially the maximum received power) will decrease.
Based on current research works on curved coil by scholars all
over the world, it can be found that the popularization and appli-
cation of curved coil still face problems, such as reduced system
transmission power caused by coil bending and transmission
power fluctuations caused by coil curvature changing.

In the WPT system for military equipment, the planar circu-
lar coil does not fit the equipment surface very well in some
applications. As shown in Fig. 1, by dragging and bending,
the planar coil can be reconstituted into a tapered coil that fit
the truncated taper and a curved coil that fit the cylinder, as
shown in Type-I and Type-II in Fig. 1. These nonplanar coils
can be applied to rocket fairings, arrows, space shuttle booster
cones, missile cones, and missile bodies. Therefore, this article


https://orcid.org/0000-0002-6882-5602
https://orcid.org/0000-0003-1074-9130
https://orcid.org/0000-0002-9190-1212
mailto:wen@njust.edu.cn
mailto:jingly@njust.edu.cn
mailto:chnliqiang@njust.edu.cn
mailto:117110011042@njust.edu.cn
mailto:117110022146@njust.edu.cn
mailto:chu@njust.edu.cn
http://ieeexplore.ieee.org

WEN et al.: CURVATURE ANGLE SPLITTING SUPPRESSION AND OPTIMIZATION ON NONPLANAR COILS

Type-1

Drag

-

(Truncated) taper >

am——

WPT Planar coil Tapered coil
Receiver
Coils
“ - Cylinder
‘ Bend
: i
Planar coil Curved coil

Rocket

Fig. 1. Reconstruction of planar coils.
proposes to use tapered coil and curved coil as a receiver coil
of the WPT system, which can fully fit the equipment surface,
improve the overall design of military equipment, and promote
more in-depth application of WPT technology to military field.
According to the structural characteristics of military equip-
ment, such as rockets and missiles, this article proposes the
use of tapered coils and curved coils as receivers in the WPT
system. Different application fields are studied by changing the
curvature of receiver coils, and the best performance of the
WPT system when curvature angle changes is also explored.
This article conducts research by system modeling, analysis
optimization, and experimental verification. In Section Il system
modeling is presented, which performs equivalent modeling
analysis and magnetic field calculations on tapered and curved
coil, respectively. Section III analyzes and optimizes the tapered
coil (Type-I), explores the influence of the coil inner diameter
and the turn spacing on the angle splitting and the transmis-
sion performance of the system under different transmission
distances, and then summarizes the design method of the system
parameters. Section IV focuses on the analysis and optimization
of curved coil (Type-II), studies the mechanism of curvature
angle splitting and corresponding suppression methods, and then
summarizes the relationship between the magnetic flux and the
receiver coil parameters, the relationship between the magnetic
flux change rate, the transmission distance, and the receiver coil
parameters. Section V presents the experimental verification, the
experimental analysis of the relationship between the magnetic
flux change rate and the transmission distance, and the critical
splitting of the curvature angle and the system power stability.
This article provides a useful reference for the application of
nonplanar coils in the WPT system and promotes its applicability
in more occasions.

II. SYSTEM MODELING AND MAGNETIC FIELD CALCULATION

In this section, the proposed tapered coil and curved coil are
modeled and analyzed, and system’s magnetic field calculation
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TABLE I
NONPLANAR COILS PARAMETER SYMBOL

Parameter symbol Tapered coil Curved coil
Inner diameter 2rir 2ric
Outer diameter 2rar 2rc
Turn spacing dor dac
Number of turns nar nac
Curvature angle or Oc
Transmission distance Next Nexc
Fig. 2. Model of a tapered coil.
nyr
turns
dy rar
7]
rr
A
D Mo / C
Fig. 3. Simplified model of the tapered coil WPT system.

is performed, which provides theoretical support for the later
study of the relationship between transmission performance and
coil parameters. The parameters of tapered coil and curved coil
are shown in Table 1.

A. Magnetic Field Calculation of Tapered Coil: Type-1

A simplified model of tapered coil is shown in Fig. 2.
The angle between side of cone and the axis is fp, the dis-
tance between turns on tapered surface is dop, the height
difference between turns is Ah = dyrcosfr, the coil radius
difference Ar = dopsinfr, and the distance from the vertex
of cone to the nearest and furthest turn is ry7 and rop—ri7 +
(nor — 1) dar, respectively.
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Fig. 3 shows a simplified model of tapered coil WPT system.
The transmitter coil adopts a flat square structure with a side
length of 2/, a number of turns of n, a turn spacing of dq, and
a side length of the innermost square coil of 2[—2(n; —1)d;; set
the current flow direction to be counterclockwise, and the size
to be /. Taking the center of the transmitter coil as the origin O,
and the plane on which it is located is xoy plane, the coordinate
system shown in Fig. 3 is established. The tapered receiver coil
is coaxial with the transmitter coil, and the height from its vertex
to transmitter coil iS heyp7.

Take a point P on the innermost side of the tapered re-
ceiver coil, and set the coordinate of point P as (0, r17sinfp,
hexr + r17cosf7). Since the magnetic induction intensity on
a circumference of same radius is equal, according to the
Biot—Savart law [16], [17], the magnetic field generated by a
current-carrying straight wire at a certain point in space can be
calculated by the following formula:

I
B= %(00891 — cosby) ()

where a is the vertical distance from a certain point in the space
to the current carrying straight wire; 6 is the angle between the
line from desired point to current inflow point and the current
flow direction; 6, is the angle between the line connecting
desired point to the current outflow point and the current flow
direction; [ is the current flowing through straight wire; and
Lo is the vacuum permeability, and its value is 47 x 10~7. By
superimposing the n7 turns of the transmitter coil, the magnitude
of magnetic field generated by the entire transmitter coil along
the x-axis, y-axis, and z-axis at point P in space can be deduced,
that is

> it1 (Bcwi + Bpasi + Bopei + BaBai)
Z?:l (BBCyz + BDAyz + BCDyz + BAByz) (2)
Z 1

n

B,
By
B =1 (BBsz + BDAZ’L + BCDZ’L + BABZZ)

The magnetic induction lines along the x- and y-axis directions
are parallel to the tapered coil, so only the magnetic field
component B, in the z-axis direction needs to be considered
in the calculation. By the formula d® = B x dS, the magnetic
induction intensity B3, can be integrated in a circular area with a
radius of rysinfp [18], and the magnetic flux passing through
the innermost turns of the receiver coil can be calculated as
formula (3); it should be noted here that the vertical distance
from the innermost turn of the tapered coil to the transmitter
coil is Aoz + r17COSOT

g1 = /dq):/Bz-ds
rirsinfr
= / B, (heyr + rircosfr) - 2nr - dr.  (3)
0

According to formula (3) and the magnetic linkage calcu-
lation formula ¥ = N®, the magnetic flux linkage expression
passing through the tapered receiver coil can be superimposed,
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B. Equivalent and Calculation of Curved Coil: Type-I1

To simplify the calculation, the curved receiver coil is equiva-
lent to a planar coil, as shown in Fig. 4. The straight line distance
from curved coil’s center to the outermost turn is r9¢, the line
distance from the center of curved coil to the innermost turn is
r1¢,and the turn spacing is ds¢. Project curved coil to the bottom
surface, and get an equivalent coil, which is approximately
circular; the angle between two straight lines from the center
of the curved coil to the outermost turns on both sides is 20,
with ¢ being the curvature angle, which reflects the degree
of bending of coil. The number of turns of both the equivalent
coil and the original coil is nyc, and the outer diameter, inner
diameter, and turn spacing of equivalent coil are 2rycsinfc,
2ricsinfo, and dsosinfo; when the coil bending degree is
small, equivalent error can be ignored.

Fig. 5 shows a simplified model of a curved coil WPT system.
The transmitter coil adopts the same structure and size as the
tapered coil WPT system. According to the abovementioned
analysis, when the coil bending degree is small, the influence
of curved coil bending on the transmission distance can be
ignored. At this time, the magnetic flux expression of the tapered
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Fig. 5. Simplified model of the curved coil system.

TABLE II
TAPERED COIL SYSTEM PARAMETERS

Parameters Transmitter coil Receiving coil
Turns nr 9 9
Turn spacing dr/m 0.002 dor
Current [7/A 5 Ir
Inner diameter 0.048 2017
2rr/m

coil WPT system can be transformed into the magnetic flux
expression of the curved coil WPT system as follows:

Ve =Vr
rircosfr + (TLQT — 1)d2TC089T =0
ric = ri7,d2c = dor (5)

roc = ror, 00 = O
nac = nar, hexC = hea:T-

III. ANALYSIS OF THE TAPERED COIL WPT SYSTEM: TYPE-I

Based on modeling analysis and magnetic field calculation
of the tapered coil WPT system presented in Section II-A, this
section studies the influence of inner radius r;7 and turn spacing
dor on the flux—cone angle curve under different transmission
distances. The parameters of the transmitter coil and the tapered
receiver coil are listed in Table II.

A. Influence of Inner Diameter on Magnetic Flux—Cone
Angle Curve

Designing tapered coil turn spacing is 0.002 m, and five
groups of data with an inner radius of 0.01-0.05 m are taken to
analyze the changing trend of the magnetic flux passing through
the tapered coil within the range of 0°-180°. Fig. 6 shows the
magnetic flux—cone angle curves at the transmission distance
hezr of 0.01 m and 0.05 m, respectively.
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It can be known from the figure that under a fixed transmission
distance, with the increase in inner radius, the magnetic flux
curve shows an overall upward trend, but when inner radius in-
creases to a certain critical value, the peak value of the magnetic
flux will decrease significantly. Taking Fig. 6(a) as an example,
within inner radius of 0.01-0.03 m, the relationship between
magnetic flux and cone angle is a single peak curve, but when
the inner radius is greater than 0.04 m, the magnetic flux—cone
angle curve has multiple extreme points, including one magnetic
flux trough and peaks on both sides. Similar to the occurrence of
frequency splitting when coils coupling coefficient is too large
[19], [20], for a tapered coil WPT system, the phenomenon that
the output power shows multiple peaks as cone angle changes
under certain conditions is called angle splitting of tapered coil.
Moreover, when the angle splitting does not occur, the cone angle
corresponding to the curve’s peak point also increases with the
increase in inner diameter.

Comparing the curves of ;7 = 0.05 m in Fig. 6(a) and (b), it
can be seen that the system changes from an angle-splitting state
to an unsplit state with increasing distance. Therefore, when the
transmission distance increases, the inner radius critical value
r17. without angle splitting also increases. In the application, it
is possible to suppress the occurrence of angle splitting by reduc-
ing inner diameter of tapered coil and increasing transmission
distance.

Fig. 7 shows the relationship between magnetic flux, cone
angle, and inner radius at transmission distances of 0.01 m,
0.03 m, 0.05 m, and 0.07 m. In the figure, the magnetic flux
peak value is marked with a triangle, and the magnetic flux
valley value is marked with a circle.

It is easy to know that the larger inner diameter is, the easier
it is to split, and the closer transmission distance is, the easier
it is to split. There are one valley and two peaks in inner radius
value where the angle split occurs, and both peaks are smaller
than the single peak corresponding to inner radius critical value.
For tapered coil applied to rockets and missiles, cone angle and
required transmission distance can be obtained first. According
to Fig. 7, inner radius corresponding to the optimal value of
magnetic flux at a fixed angle can be selected to design coil,
S0 as to improve transmission power of the tapered coil WPT
system.

B. Influence of Turn Spacing on Magnetic
Flux—Cone Angle Curve

As shown in Fig. 8, designing tapered coil inner radius is
0.02 m, and five groups of data with turn spacing of 0.001-
0.005 m are taken to analyze the curve of magnetic flux varying
as cone angle under transmission distance of 0.01 m and 0.05 m,
respectively. When he,7 is 0.01 m, magnetic flux curve shows
an overall upward trend with increase in turn spacing, but the
curve peak will decrease when it increases to a certain critical
value. Similarly, if turn spacing is too large, angle splitting
would also occur. At the same time, as transmission distance
increases, the curve (dor = 0.005m) changes from splitting
to unsplitting. Measures to reduce turn spacing and increase
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transmission distance can be taken to prevent the occurrence of
angle splitting.

Fig. 9 shows the relationship between magnetic flux, cone
angle, and turn spacing at transmission distances of 0.01 m,
0.03 m, 0.05 m, and 0.07 m. Using same mark as in Fig. 7, it
can be seen that the larger the turn spacing is, the easier it is to
split, and the closer the transmission distance is, the easier it is
to split. Increasing transmission distance will also increase the
critical value of turn spacing ds7., and the splitting phenomenon
caused by too large turn spacing also reduces the peak value of
magnetic flux significantly. Therefore, in practical applications,
the tapered coil can be designed by selecting turn spacing
corresponding to the maximum magnetic flux at a certain cone
angle and required transmission distance according to Fig. 9,
S0 as to improve transmission power of the tapered coil WPT
system.

In summary, we can conclude that the larger the inner diameter
and turn spacing, the smaller the transmission distance, and the
easier system is to split. Inner radius critical value ry7. and
turn spacing critical value ds7. increase with the increase in the
transmission distance. When there is no angle splitting, the cone
angle of magnetic flux peak point increases with the increase in
inner diameter and turn spacing.

IV. ANALYSIS OF THE CURVED COIL WPT SYSTEM: TYPE-II

For the curved receiver coil WPT system, analyze the relation-
ship between magnetic flux linkage ¥ passing through curved
coil, curvature angle 6, and the parameters of the receiver coil,

dyr. Critical split turn spacing
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TABLE III
CURVED COIL SYSTEM PARAMETERS

Parameters Transmitter coil Curved receiver coil
Turns n 9 9
Turn spacing d/m 0.002 doc
Current I/A 5 Ir
Inner diameter 2r1/m 0.048 2ric

Transmission distance

hexc/m 0.0

and study the relationship between magnetic flux change rate
AV and transmission distance h.,c under different parame-
ters. Then, explore the system parameter design method based
on the curved receiver coil to improve system’s transmission
performance. The default parameters of transmitter and receiver
coils are shown in Table III.

A. Curvature Angle Splitting

Similar to the tapered coil, for a WPT system with curved
receiver coil, the phenomenon that output power presents multi-
ple peaks as curvature angle changes under certain conditions is
called the angle splitting or curvature angle splitting of curved
coil. As shown in Fig. 10, under the circumstances that the
receiver coil has a wide turn spacing, a large inner radius, or
a small transmission distance, the magnetic flux of the curved
coil exhibits two peaks as the curvature angle of receiver coil
changes. Curvature angle splitting increases the complexity of
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Fig. 10. Curvature angle splitting. (a) Curvature angle with doc splitting

diagram when he,c = 0.05m and r;c = 0.02m. (b) Curvature angle with
hezc splitting diagram when 1 = 0.02m and da = 0.05 m. (c) Curvature
angle with 1 ¢ splitting diagram when doc = 0.005m and h.,c = 0.05m.

system control and the instability of system, which has a great
impact on transmission performance of the WPT system.

Fig. 10(a)—(c), respectively, shows three cases of curvature
angle splitting under different turn spacings doc of the
receiver coil, transmission distance h.,c, and radius ric of
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receiver coils. In Fig. 10(a), hepo = 0.05m and 71 = 0.02m,
when doc < 0.014 m, magnetic flux ¥ follows a single-peak
distribution with curvature angle 6-, and W reaches the
maximum value when 6~ = 90°, that is, receiver coil is not
bent; when dac = 0.014 m, system is close to critical splitting
state of curvature angle; when doc > 0.014m, system has
a curvature angle splitting, and two magnetic fluxes peak
appear at symmetrical positions on both sides of 6o = 90°.
In Fig. 10(b), doc =0.005m and ric =0.02m. When
hezc < 0.013m, system has a curvature angle splitting, and
the smaller the h.,c, the more obvious splitting phenomenon,
but it will not cause a significant decrease in magnetic flux
U In Fig. 10(c), hepc = 0.05m and doc = 0.005 m. Similar
to Fig. 10(a), when r1c > 0.065m, system has a curvature
angle splitting. In addition, it can be seen from Fig. 10 that
when system is in a critical splitting state, magnetic flux can
maintain good stability within a certain range of curvature angle
change.

Through the abovementioned analysis, it can be known that
the too small curvature angle splitting caused by transmission
distance he,c will not cause magnetic flux W to drop sig-
nificantly; the curvature angle splitting caused by receiver coil
turn spacing da¢ or inner radius 71¢ is too large, which will
significantly reduce magnetic flux W« corresponding to f¢ in
the range of 60°-120°, further resulting in a decrease in the
received power. Therefore, measures need to be taken to suppress
the occurrence of curvature angle splitting.

B. Mechanism and Suppression Method of
Curvature Angle Splitting

According to the previous research and combined with the
magnetic field characteristics of rectangular transmitter coil, it
can be known that when the curvature angle 6o = 90°, that is,
when receiver coil is not bent, its size has an optimal value
related to the distance between the transmitter and receiver coils,
so that received magnetic flux reaches maximum value. When
the size of the curved receiver coil increases and exceeds the
optimal value, received magnetic flux W decreases instead,
but during the bending process of the curved receiver coil, its
equivalent receiver coil size changes with curvature angle. When
the curvature angle deviates from 90°, the equivalent receiver
coil gradually decreases, in this process, the equivalent receiver
coil size will be exactly equal to the optimal size. Therefore, the
magnetic flux U< will form peaks on both sides of curvature
angle 0 = 90° symmetry.

Since turn spacing dsc and inner radius r1¢ of the receiver
coil in critical splitting state will change when transmission
distance h.,c changes, the critical value of dy¢c and the critical
value of r1¢ can be fitted respectively to guide coil parameter
design so as to suppress curvature angle splitting.

In order to avoid curvature angle splitting caused by extensive
values of doc, the critical values doc. with respect to b, and
r1c are given in Fig. 11. In case the range of inner radius is 0.01-
0.1 m and transmission distance is 0.01-0.1 m, the relationship
expression of dsce, hexc, and ri¢ is obtained by fitting, as
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shown in (6). The sum of squared errors (SSE) is 0.006804
dace = 0.4697ri o — 2.018r1 chepc + 0.4394R2
—0.1117r1¢ + 0.3009hc,c + 0.002067.  (6)

In order to avoid curvature angle splitting caused by extensive
values of ¢, the critical values 7. with respect to he,c and
dsc are given in Fig. 12. Within the turn spacing of 0.005-0.05 m
and the transmission distance of 0.01-0.1 m, the relationship
expression of r1c., herzc, and doc is obtained by fitting, as
shown in (7). SSE is 0.004092.

rice = 41.36d50 — 33.34dacherc + 6.856R2,
—2.12do¢ + 0.8446h.c + 0.02197. (7

We can first determine Ao, r1¢ OF hezo, doo according to
actual application scenario and system requirements and then
get dace or r1c. according to the fitted expression. In order
to suppress the reduction of transmission power caused by
curvature angle splitting, ds or r1 ¢ needs to meet the following
requirements:

doc < doce
ric < Tice- (®)

After comprehensive analysis of fitting results, it can be seen
that receiver coils with small size and tightly wound are less
prone to curvature angle splitting when bending. Moreover,
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when the system approaches critical splitting state of curvature
angle, transmission power is maximized and stability is better.

C. Relationship Between Magnetic Flux and
Receiver Coil Parameters

1) Relationship Between Magnetic Flux V¢ and Receiver
Coil Inner Radius r;c: It can be seen from Fig. 13 that receiver
coil is tightly wound. When - = 90° and r1¢ = 0.064 m (not
split) or 8 =70° and, r1c = 0.07 m (split), ¥ reaches the
maximum. Fig. 14 illustrates that receiver coil is not closely
wound. When 6 = 90°and r1¢ = 0.044 m (split) or 0o =
70°and 71 = 0.047 m (split), U reaches the maximum.

Comparing Figs. 13 and 14, when coil is not bent, thatis, - =
90°, the optimal outer diameter of receiver coil corresponding to
doc =0.005m is 2 X (r1¢ + (nec — 1)dac) = 0.208 m, and
magnetic flux at this time is 7.46 x 10~® Wb. However, the
optimal outer diameter of receiver coil corresponding to doc =
0.03m is 0.568 m, and at this time magnetic flux is 5.34 x
10~°Wb. Althou gh the former has a smaller coil size, it receives
a larger magnetic flux, which still exists when 0 = 70°.

2) Relationship Between Magnetic Flux Vo and Receiver
Coil Turn Spacing doc: Let ric = 0.02 m, as shown in Fig. 15.
When 0 = 90° and dac = 0.0135m (not split) or 6~ = 70°
and doc = 0.0148 m (split), U reaches its maximum.

To sum up, regardless of whether curvature angle is split or
not, the receiver coil has an optimal inner diameter and turn
spacing that maximizes received magnetic flux, and the greater
the degree of coil bending, the greater the optimal values of inner
diameter and turn spacing. Therefore, an optimal receiver coil
can be designed according to degree of coil bending to ensure
the maximum transmission power of system.
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TABLE IV
MIN(AW) AND CORRESPONDING h¢,.cc UNDER DIFFERENT do ¢
dac/m min(AY) hexc/m
0.005 10.93% 0.0990
0.006 10.70% 0.0936
0.007 10.37% 0.0855
0.008 9.98% 0.0759
0.009 9.45% 0.0609
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D. Relationship Between Magnetic Flux Change Rate
and Transmission Distance

When curvature angle is not splitting, the bending of the
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Fig. 18. Power stability experiment of curved coil wireless power
transmission.

it; the magnetic flux change rate is defined as follows:

_ \IJC (9007 heﬁC) — \IIC (7007 hezC)

AT
\I]C (9()0; hea:C)

. C))

Fig. 16 shows a graph of AV and h.,¢ at five different turn
spacings of receiver coil doc when 710 = 0.02m. Table IV
shows the min (AW) and corresponding h.,c values under
different do. As can be seen from Table IV, on the premise,
the curvature angle is not splitting, and min (AW¥) and its
corresponding h.,c decrease as doc increases.

Therefore, the stability of wireless power transmission under
different bending degrees can be effectively improved by rea-
sonably adjusting the distance of transmitter and receiver coils.

E. Relationship Between Magnetic Flux Change Rate
and Parameters of Receiver Coil

It can be known from the previous studies that when system
is in curvature angle critical splitting state, system’s charging
power can maintain better stability within a certain degree of
bending of receiver coil.

Fig. 17 shows the relationship between magnetic flux change
rate AW, turn spacing do¢, and inner radius 71 ¢ at a transmission
distance of h¢;c = 0.05 m. The magnetic flux change rate here
is a function of da¢ and ry¢, that is

\II (90O7 dQCa 7“10) - \II (7003 d2C7 rlC)
U (90°, dac, T10)

AV (dyc,r10) =

(10)
The values of do and r1¢ can be restricted, as shown in

receiver coil causes a reduction in magnetic flux passing through ~ Fig. 17. It can be found that when the parameters of receiver
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TABLE V
EXPERIMENTAL PARAMETERS OF CURVED COIL WPT SYSTEM

Transmitter Receiver
Parameters - :
coil coil
Turns n 9 9
Turn spacing d/m 0.002 0.005
Inner diameter 2r/m 0.048 0.18
Self-inductance Ly/uH 9.76 29.4
Compensation capacitance Cy/nF 68 22

coil are close to critical splitting condition, magnetic flux change
rate is within +2%. The wireless transmission power can be kept
stable when curved coil is arbitrarily bent from 70° to 110°.

V. EXPERIMENTAL ANALYSIS

In this section, the relationship between system transmission
performance and related parameters is experimentally validated.

A. Curvature Angle Critical Splitting and Analysis of System
Power Stability

The traditional series compensation is adopted for the trans-
mitter and receiver coils (SS). Ly and Cy represent the self-
inductance of the coils and the corresponding compensation ca-
pacitance, respectively. The receiver coil is wound with litz wire
and attached on a flexible polyvinyl chloride (PVC) board, and
the load resistance is 3.3 2. Detailed experimental parameters
of the transmitter and receiver coils are listed in Table V. Fig. 18
shows the experimental platform and waveforms. As the transfer
distance h.,c = 0.09 m and the curvature angle 6~ = 60°, the
current picked up by the curved coil I = 1.02 A. When h.,c
equals 0.07m,0.09 m, 0.11 m, and 0.13 m, the measured currents
Ir as f¢ varies from 50° to 130° are shown in Fig. 19(a).
Fig. 19(b) shows theoretical results of magnetic flux with respect
to curvature angle. The trends of curves in Fig. 19(a) and (b) are
coincident. The current rate of change is defined according to
©)

I (90°, hewe) = I (T0°, hewc)
Ik (90°, hexc) ’

Alp = (1D
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TABLE VI
CURRENT CHANGE RATE AT DIFFERENT DISTANCES

hew/m Ir/mA when  Ig/mA when Current change
ex 0c=90° Oc=70° rate Alr
0.04 61.7 5130 16.80%
0.06 39.4 33.30 15.50%
0.08 27.7 24.10 13.00%
0.10 20.9 16.50 21.05%
0.12 16.3 12.75 21.77%
0.14 12.3 9.57 22.16%

When heyo =0.09m Ig(0c =90°) = 1.16 A, there is a
single peak value in distribution of I versus 6. When he,c =
0.07 m, the system is close to critical splitting state, I is almost
unchanged at 1.40 A as 6 varies from 50° to 130°, and the maxi-
mum current rate of change is 4.3%. Referring to the theoretical
results concluded in Fig. 12 and (7), for the curved coil with
parameters of 71 = 0.09 m and dac = 0.005 m, when he,.c =
0.072 m, the system will close to critical splitting state, which is
consistent with the experimental result of h.,c = 0.07 m.

We can conclude from the experimental results that the trans-
fer power picked up by the curved receiver coil will be stabilized
in a large degree of bend as the WPT system is modulate to
critical splitting state, which will improve the adaptability of
curved coil in different application scenarios.

B. Relationship Between the Current Rate of Change and the
Transfer Distance

We change the experimental parameters of the system, i.e.,
inner radius to 0.02 m, self-inductance to 8.07 ;/H, and compen-
sation capacitor to 100 nF, and the others are the same as listed
in Table V. The currents picked up by curved receiver coil when
f0c = 90° (uncurved) and 70° under different transfer distance
are measured. The results are listed in Table VI.

The experimental and theoretical results of the current rate
of change are compared in Fig. 20. When h.,c = 0.08 m, Al
achieves the minimum value of 13% in experiment, whereas the
minimum value min(AW) equals 10.93% when hec = 0.099 m



9080

25.00%

4
3 g O
£,20.00% /
g ’
= (R /
S 15.00% o,/
> ~o
2 10.00%
E 5.00% hexe=0.08m
= min(A¥Y) = 13%
“ 0.00%

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Transmission distance /1..c/m

(a)

Fig. 20.

in theoretical analysis. The errors can be caused by coil winding,
and the experimental results still prove that when the curvature
of the receiving coil changes, there exists an optimal value of
transfer distance to achieve the lowest power fluctuation.

VI. CONCLUSION

In this article, the phenomenon of curvature angle splitting
is investigated and a method is proposed to improve the trans-
mission performance of the WPT system with tapered or curved
receiver coil. By optimizing the coil parameters to make the
system work in critical splitting state, the optimal output power
and excellent stability under different angles are achieved. The
proposed method is validated by experimental prototype. The
experimental results show that the rate of change of the current
picked up by the designed curved receiver coil is only 4.3%
when the curvature angle is arbitrarily changed in the range of
50°-130°. Some other significant conclusions can be drawn as
follows.

1) The mechanism of curvature angle splitting is revealed.
Formulas are derived to determine the critical values of
receiver coil radius and turn spacing. The receiver coils
with small size and wound tightly are less prone to en-
counter the curvature angle splitting.

2) The curvature angle splitting can also be avoided by in-
creasing the transmission distance. The stability of the
WPT system can be effectively improved by rationally
adjusting the transmission distance.
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