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Design of Edge-Enhanced Coil Structure to Obtain Constant
Mutual Inductance With Horizontal Misalignment in
Wireless Power Transfer Systems of Electric Vehicles

Zhongqi LI, Zhongbang CHEN, Minsheng YANG, Yu CHENG, Xinbo XIONG, and Shoudao HUANG

Abstract—Horizontal misalignment to the Y and X-axes can be
as much as half the side length of a transmitting resonant coil or
10 cm for both dynamic and static wireless power transfer
(DSWPT) systems. Misalignment to the Y-axis and X-axis may
cause DSWPT systems to malfunction due to fluctuations in mu-
tual inductance. In this paper, a structure of edge-enhanced coil
(EEC) is proposed. The mutual inductance expression of the EEC
structure is then established. Moreover, the variation of the mutual
inductance of the EEC structure is obtained based on the mutual
inductance expression. The study demonstrates that the mutual in-
ductance of the EEC structure can be increased while reducing its
fluctuation. The problem that quasi-constant mutual inductance
is obtained at the expense of mutual inductance value is solved.
Therefore, the high transmission efficiency of DSWPT systems can
be obtained, and the transmission efficiency and output power can
be maintained almost constant with the misalignment to the Y-axis
or X-axis. The calculated, simulated, and measured results validat-
ing the effectiveness of the EEC structure are shown.

Index Terms—Coil structure, mutual inductance optimization,
quasi-constant mutual inductance, wireless power transfer.

1. INTRODUCTION

RELESS power transfer (WPT) technology is receiv-

ing increasing attention because of the convenience and
safety of this technology [1]-[3]. This technology is widely
used in electric vehicles (EVs) [4], automatic guided vehi-
cles (AGVs) [5], [6], underwater vehicles (UVs) [7], [8], and
drones [9], [10]. The advantage of WPT technology is that EVs
can be charged while on the road using a dynamic WPT sys-
tem, eliminating the need for batteries. At the same time, the
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Fig. 1. Schematic diagram of wireless charging systems of EVs. (a) Dynamic
wireless charging systems of EVs with misalignment along the Y-axis. (b) Static
wireless charging systems of EVs with misalignment along the X-axis.

static WPT technology provides smart charging services for
EVs at home or office. Therefore, a set of coil structure should
be used to simultaneously satisfy the dynamic and static WPT
system requirements of EVs.

However, the unavoidable horizontal misalignment along
the Y-axis and X-axis causes a change of the mutual inductance
(MI) between the transmitting and receiving coils in the WPT
system. The horizontal misalignment along the Y-axis may reach
half the side length of a transmitting resonance coil in a dynamic
WPT system for EVs, as shown in Fig. 1(a). According to SAE
J2954, in a static wireless charging system for electric vehicles,
the horizontal misalignment along the Y-axis and the X-axis
can reach a least 7.5 cm and 10 cm, respectively, as shown in
Fig. 1(b). Large horizontal misalignment may result in the
change of MI in the dynamic WPT system. The change of MI
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may lead to fluctuation in system performance, including the
efficiency and output power.

At present, the main methods for solving the effect of hori-
zontal misalignment on output power and efficiency fluctuation
are impedance matching methods and coil structure design
methods. Impedance matching methods including LC, T, =,
LCC-LCC [11], [12], LCL and CL [13], LCC-C [14], LCC-S
[15], and DC-DC converters [16] are proposed by scholars.
These impedance-matching networks can improve the system
performance. However, it is difficult to further improve the
performance of WPT systems with large misalignment because
the change of MI in the dynamic WPT systems is too fast and
large.

The method of designing coil structure may be an effective
method to deal with the rapid and large variation in MI. Two
types of coil structures are commonly used. The first type is
the long-track coil structures; the second type is the short-
individual coil structures. Several long-track coil structures,
such as E-core structure, U-core structure, W-core structure,
S-core structure [17], and I-core structure [18], are proposed
successively to keep the MI constant. These structures have
good misalignment tolerance. However, the MI of the long-
track coil structures is very small. Thus, the short-individual
coil structures are proposed to increase the MI. A structure
of DD coil is proposed to enhance the MI. This structure has
good misalignment in the Y-axis. However, the MI in the X-
axis is highly variable [19]. Therefore, it is recommended to
overlap a single-pole (Q) coil and a double-pole (DD) coil
to form a DDQ coil to improve the misalignment capability
in the X-axis [20]. Then, an asymmetric coil structure is
proposed. Experiments show that the MI is constant when
the misalignment along Y-axis or X-axis direction are within
10 cm [21]. However, the efficiency of this structure is only
65.6% because of the small MI. An asymmetrical three-coil
structure is proposed to improve efficiency and keep the MI
constant. However, the maximum misalignment along the Y-
axis or X-axis direction is only 10 cm with this structure [22].
To improve the misalignment distance, a structure with one
transmit coil and four cascaded receive coils is proposed. The
maximum misalignment along the Y-axis direction can reach
24 cm and the fluctuation in MI is 8.4%. However, the MI
value of this structure is reduced by 42.79% compared with the
traditional structure [23]. To further reduce the reduction rate
of MI and the ratio of fluctuation in MI, a reverse series coil
is added to the transmitting coil [24]. The fluctuation in MI is
6.4% when the misalignment reaches 50% of the diameter of
the transmitting coil. Moreover, a structure of unsymmetrical
and the opposite series coil is proposed. The ratio of fluctuation
in MI is 4.2% when the misalignment is within 50% of the
side length of the transmitting coil [25]. However, compared
with the traditional structure, the MI value of this structure is
reduced by 32.81%. In summary, the problem of obtaining
constant MI at the expense of MI values has not been solved.

In this paper, an edge-enhanced coil (EEC) structure is pro-
posed. By using the EEC structure, not only the MI fluctuation
is reduced, but also the MI value is increased. Therefore,
higher efficiency and smaller output power fluctuation are also
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Fig. 2. Schematic of EEC structure. The current of R, and the current of R, are
the same as the current of R ; in the direction.

4-outey o

Fig. 3. Dimension drawing of EEC structure.

achieved by the proposed structure compared to the traditional
structure. Experimental results verify the effectiveness of the
EEC structure.

II. EpGE-ENHANCED COIL STRUCTURE

A. EEC Structure

An edge-enhanced coil (EEC) structure is proposed, as
shown in Fig. 2. The EEC structure consists of a transmitting
coil and a receiving coil. The transmitting coil is labeled T,
the receiving coil is labeled R,. The receiving coil is composed
of R, R, and R;. The MI at the receiving resonance coil
edge can be increased by adding R, and R, into R, when the
receiving resonance coil is moved in the Y-axis. Parameters
A, and A, are the misalignment along the X-axis and Y-axis,
respectively. Parameters /, and /, are the currents of 7, and R,,
respectively. D is the transmitting distance between 7, and R,.

Fig. 3 shows the proposed R, and T,. Parameters /,_; ...,
by —iomers B—imner A0 Ly @re the inner length of R, R, R5, and
T., respectively. Parameters /,_ e b—ouer L-ouer AN Lj_yer A€
the outer length of R, R,,, R,; and T, respectively. Parameters
By inners Poinmers P3—inner A0 7y, are the inner width of R, R,,
R, and T, respectively. Parameters /,_ e Ho—ouers M3—outer aNA
Ny e are the outer width of R, R,,, R ; and T, respectively.

There are two outstanding characteristics of the EEC struc-
ture. First, the size of 7, is smaller than that of R.. The purpose
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Fig. 4. Normalized mutual inductance versus 2A/l, .. (a) Normalized mutual
inductance versus 2A /1, With the proposed structure. (b) Normalized mutual
inductance versus 2A /1, with the traditional structure.

of this design is to reduce MI fluctuation when R, is moved in
the Y-axis and X-axis directions. Second, R, is composed of R

x1>

R, and R ;. The size of R, is larger than that of R, and R 5, R,
is the same as R, in size. R, and R4 are on the left and right
of R,,, respectively. R, and R ; are connected to R, in series in
the same direction. The purpose of this design is to increase the
magnetic flux density on both sides of R, in the Y-axis direction
with the misalignment along the Y-axis. Therefore, not only can
the MI be increased, but the MI volatility can also be reduced.
When R, is moved in the Y-axis direction, the MI between
T. and R, may be decreased with the increase of misalignment
distance. This phenomenon is consistent with the law of MI of
the traditional coil structure. However, in the EEC structure,
R, and R are added into R,. The MI between 7, and R, may
be sharply increased and the MI between T, and R; may be
slightly decreased. The decrease in MI between 7, and R, and
MI between 7, and R, are nearly the same as the increase in the
MI between T, and R,,. Therefore, the MI between 7, and R,
can be maintained at a constant. Meanwhile, the MI of the EEC
structure is larger than that of the traditional coil structure. This
is because the total MI with the EEC structure is equal to the
sum of the MI between T, and R, the MI between 7, and R,,,
and the MI between T, and R ,; whereas the total MI with the
traditional structure is equal to the MI between 7, and R, only.

B. Law of MI of EEC Structure

The MI between T, and R, of the EEC structure can be
obtained as follows:

My, —pe = Mrx—pet ¥ Mry—pe2 + Mre—gez (1)

where My, . is the MI between T, and R, My, _p,, is the MI
between 7T, and R, My_p, 1s the MI between T, and R,,

Fig. 5. EEC structure with S-S topology.

M7,z 1s the MI between T, and R .

M., may be maintained constant when the change value of
My, _r, equals the change value of the sum of M;,_,, and My,_g.;.
The value of M;,_,,, may be increased and the value of M;,_p.,
and My, ., may be decreased with different misalignment
along the Y-axis direction owing to the two outstanding
characteristics in the EEC structure.

Fig. 4(a) shows that M, ,, is not decreased monotonically
as A, is increased. Fig. 4(a) shows that M _, may be
increased when A, is increased. This is because the increase
in My, is larger than that of the decrease in the sum of
My, o and My, 5. However, My, .. in the traditional structure

is reduced as the misalignment is increased, as shown in
Fig. 4(b).

C. S-S Topology in EEC Structure

The equivalent circuit model is obtained from the EEC coil
structure as shown in Fig. 5. Parameters L,, L,, R,, and R, are
the self-inductance and internal resistance of the transmitting
and receiving coils, respectively. Cy, and Cy, are defined as the
resonant capacitance of the transmitting and receiving coils.
M is the mutual inductance between the coils and Ry is the
internal resistance of the power supply V5. According to Fig. 5
the matrix of Kirchhoff’s voltage equation is obtained as

Z JCOMH I1x

oM Z, ]: I(/)S] @

Trx

The currents in the transmitting and receiving coils are given

ZyVs
Ino= ——25
Z]Zz‘i‘(a)M) (3)
jwMVs
[Rx -

Z1Z> +(oM)*

The transmitting coil impedance Z, and receiving coil
impedance Z, are expressed as follows:

1
Z1=Rgt R, +j0)L1 —j
wch
1 )
Z, = R2+RL+jcuL2—j
wCRx
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Fig. 6. A single rectangular coil.

According to (3) and (4) the input power P,,, output power
P,.and transmission efficiency # of the system can be obtained

Z,Vs?
Pin = Velry = |——25 5
ST ‘21224—aﬂﬁlz ©®)
Vs* (wM)*R
Pow = I Ry = |- SR
(Z1Z, + a?M?)
_ Pout _ (a)M)zRL
nm= . T 2 2 (7)
Pi, Z\Z5+(oM) Z,

III. CALCULATION AND OPTIMIZATION METHOD OF
CoupPLING COEFFICIENT
In this section, a calculation method for the mutual induc-
tance and self-inductance of the rectangular coil is presented to

calculate the coupling coefficient of the proposed structure fast.
The coupling coefficient is defined as follows:

M,

142

kyp = ®)

:

where k£, is the mutual inductance between two coils, M|, is
the mutual inductance between two coils, L, and L, are the self-
inductance of two coils.

A. Self-Inductance Calculation of the Rectangular Coil

A schematic diagram of a single-turn rectangular coil is
shown in Fig. 6. The half-length and half-width of the rectan-
gular coil are @, and a,, respectively. z, is the height of the
rectangular coil. Coil, is separated into four parts (/,, L, /5, and
1,). The parameter / is the current of the Coil,.

For a current-carrying conductor with a current density J in
air, the magnetic vector of any point P (x, , z) is as follows:

_ @f](x’,y’,z’)dv'
Ay = | ZR22 o)

where J is the current density and v is the current distribution of
Coil,. R is the distance from P (x, ), z) to the source point (x', ', z').

R=y/ =)=y =2 (0

The dual Fourier transformation and its inverse transforma-
tion are used to solve (9) [26].

b@mn—f f B (x,y,z)e 1" dxdy  (11)

1 o0 00 . B
B(x,yz)= 4n2f f b(¢&, ﬂ’z)eJ(Xt:*y'i)dédn (12)

where ¢ and 7 are the double Fourier integral variables.
Substituting (9) into (11), (13) can be obtained as follows:

a(&nz ='uzofkej(x <y ”)J(x Y,z )efk|zfz |dv

(13)

The relationship between the incident magnetic flux density
and the magnetic vector potential is as follows:

B=Vx4 (14)

Substituting the Fourier transform into (14), (15) is obtained
as follows:

. _ Oa,
bx - Jna; oz
dax . (15)
= +
by oz iéa.

bz = 7j§ay + j’?ax
where
k= Ve -+ (16)

The wires /; and /; are parallel to the X-axis, and the wires
[, and [, are parallel to the Y-axis. Therefore, the component
a, of the magnetic vector potential in the X-axis direction is
generated only by the wires /, and [;. According to (13), the
expression of a, is as follows:

Ay = dy, = dyx,

ja - z—zol|k a , a ,
_ Holel??Te 0 (f ] e ix fdx,—f l e Jx de’)
2k —a —ai

_J2u0l sin(&ay)sin(nay) e =770l
Ck

17

where a,, and a,,; represent the magnetic vector potential
components, which are generated by wires /, and /;, respec-
tively.

Similarly, the component of the magnetic vector potential a,
in the Y-axis direction is obtained as follows:

—j 2uolsin (nay) sin (Cay) e = ok
ay: ;’]k

(18)
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Substituting (17) and (18) into (16), (19)-(21) can be
obtained as follows:

_ J2p0Isin(Say)sin(naz)

by 1
p (19)

b, = jZﬂO[Sin(iilZ)Sin(’?al) 20)

2 lksin(a)sin (na) o

én

Substituting (19), (20), and (21) into (12), the magnetic flux
density in the z = z, plane is obtained.

Bx:fw foo jzluolSin(gal)sin(naz)ej(x:wn)dgdn
] 472y

(22)

) 0 ) jzlu()ISin(é:GZ)Sin(rlal) j (x&+yn)

5, '/:w j:oo e ¢ dédy

(23)

B. :fw ,/w —2uolk Sin(fal)Sin(”az)ej(’“&w)dfd’?
] 4n2én

(24)

For a single rectangular coil, only the magnetic flux density
in the Z-axis direction needs to be considered when the self-
inductance is calculated. According to (24), the self-inductance
calculation formula of a single rectangular coil is obtained as
follows:

1 o) 0 ay a)
L=-—(PB.ds =
e[ LT

—2uok sin(Say) sin(nay)
o STy qudxdéd
4n2ép ydvdcdy

(25)

B. Mutual Inductance Calculation Method of the Rectangular Coil

A method for calculating the mutual inductance of rectangu-
lar coils based on the vector potential is proposed. A schematic
diagram of two rectangular coils, Coil, and Coil,, is shown in
Fig. 7. a, and a, are the half-length and half-width of Coil,.
b, and b, are the half-length and half-width of Coil,. Coil,
is separated into four parts (/,, [,, [;, and ,). z, is the vertical
distance between o and o,, and z, is the vertical distance
between o and o,. The parameter / is the current of Coil,.

It is noted that z # z, when the mutual inductance between T,
and R, is calculated. By substituting (17) and (18) into (15), the
following is obtained:

bix = Cix e ke (26)
by = Cy e = 27)

A 7
COilz
o2f by /. .
by, A
yat !
/ Coil 1 i
* 171
/ ol e / |
a 7 |
—2 | i
I l 2 i Zp i
| I
0 v v
Y
X
Fig. 7. Schematic diagram of two rectangular coils.
by = Ci; -e ke (28)

where

_ Zi2p0l sin(Say)sin(naz)

Cix " (29)
T .

Cy= J 210 Sln(gal)sm(’laz)ezok (30)
—2uolk si i

c, = 2 Sln(;;;al)SIH(WGZ)ezok 31)

By substituting (26), (27), and (28) into (12), the magnetic
flux density B; is obtained as follows:

1 o0 o0 ke 4x
B (x,y,z)= 47er f Cip e * e gedy

00

(32)
1 °e) °e) .
B (x,y,2) = 4n2f f Ciy e ke ~e](x‘?+y’7)d§d77
(33)
1 o0 o0 . B
B (x,y,z)= 42f f C. ek -el(xg*y”)dédn
TE —00 —00
(34)

According to (32), (33), and (34), the mutual inductance
between Coil, and Coil, can be obtained

B
M12 = ﬁ[ - ds
(Ci. + Ciy) el (bratbi)¢ — i (bra=bi)¢

D
:fw fw an’l i¢

el (hrat ba)n — oj(b2a=b2)n

ce k2 dedy

in
(35)
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where b,, and b,, are the misalignment of the X-axis and
Y-axis, respectively.

The mutual inductance between multi-turn coils is calcu-
lated as follows:

(36)

where N, is the number of turns of Coil,, N, is the number of
turns of Coil,, m is the m-th turn of Coil,, and  is the n-th turn
of Coil,.

The calculation method of the coupling coefficient provides
the theoretical basis for analyzing and optimizing the coupling
coefficient of the proposed structure in the next subsection.

C. Optimization Method of Parameters of EEC Structure

In the previous section, it is theoretically analyzed that the
MI fluctuation rate may be reduced and the MI value may be
increased by using the EEC structure at the same time. In this
section, an optimization method of parameters of the EEC
structure is proposed to obtain the quasi-constant MI when
A, and A, are within 50% of the side length of 7, and 10 cm,
respectively. The optimization process is as follows:

1) Parameters initialization: D is set to 15 cm. The copper
wire diameter is set to 0.25 cm. Parameters ¢, , and ¢, , are
the fluctuations in MI when A, is within 50% of the side length
of the transmitting coil. &, y and &, , are the fluctuations in MI
when A, is within 10 cm. &, , &, y+, & x, and &, . are set to
5%. My, g, 1s set to 25 pH. The coupling coefficient between
T, and R, (kp_p.o+) 1s set to 0.11. All rates of fluctuation in MI
along the Y-axis and X-axis are defined as

ey :(MTX7RX7max Yy MTX*R)C*O)/MTX*RX*O(37)

€1y = | (Mry-pRe —min .y = M7x-pe —0) /M1y - e —0l(38)

e1.x =(Mrx—pe —max x — M7x—pe —0) /M7y - re — 0(39)

€2 x = | (Mrx—Re —min _x = Mrx—Rge —0) /M1y - Re - 01(40)

where My, _p._, is the MI between T, and R, with A=0 cm and
A, =0cm. My _p o yand My g ., v are the maximum and
minimum MI between 7, and R, with misalignment along the
Y-axis, respectively. Mr g, v a0d My g,  are the maxi-
mum and minimum MI between 7, and R, with misalignment
along the X-axis, respectively.

2) Constraint conditions setting: Constraint conditions of
each coil parameter are as follows: 21 ecm < [, ;... < 23 cm,
Sdem < [ . < 56cm,21em < [y, < 23 0m, 26 cm <
L <27 em, 57 cm < by e < 58 cm, 5S4 em < By e <
56 cm, 57 cm < By e < 58 cm, 26 cm < Ay < 27 .
The parameters of R, and R, are set to be the same. N, and N,
are the numbers of turns for 7, and R,,, respectively. NV, is the
number of turns for R, and R 5. N, is changed from 16 turns to
20 turns. N, is changed from 9 turns to 13 turns. N, is changed
from 3 turns to 7 turns. The step of the number of turns is 1

START

Parameters setting and
initializing

Y

Constraint conditions
setting

¥

Calculating coupling
coefficient , &y y, & v, €1 x,
and &, y with different

lateral misalignment

Are the conditions
satisfied?

Have all parameters reached
the maximum value?

Output the found solutions

End )=

Fig. 8. Flowchart of the optimization method of the mutual inductance.

turn. The variation of both the length and width is 1 cm.

3) Calculation: The MI with the EEC structure can be cal-
culated according to (35) and (36) with different misalignment
along the Y-axis, and X-axis. &, yand ¢, , can be calculated by (37)
and (38). ¢, yand g, ycan be calculated by (39) and (40).

4) Conditional judgment and output solutions: Two condi-
tions should be met at the same time. D &, , < & v, & y < & y,
& x <& pmand & y <& g @ My oo > My g and kg >
kre—peo Solutions that meet the above two conditions are output.
The flowchart of the proposed method is shown in Fig. 8.

IV. VERIFICATION

The experimental setup and simulation model are built based
on the EEC structure. The measurement of the MI is obtained.
Measurement results agree with calculation results and
simulation results. The experimental results show that the MI
value of the EEC coil structure increases and then decreases
when A, is within 50% of the side length of the transmitting
coil, and the fluctuation rate is almost constant.

A. Experimental and Simulation Setup

The simulation model of the EEC structure is established by
using Ansys Maxwell, as shown in Fig. 9. Simulation results of
the MI can be obtained.

According to the optimization results in the previous section,
the dimensions of each coil can be obtained as shown in Table
I. The diameter of the Litz wire is 0.25 mm. Measurement
parameters of 7, and R, are shown in Table II.

In addition, an experimental setup is established, including
a power source, 7., R, and load, as shown in Fig. 10(a). The
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Fig. 9. Simulation model.

TABLE I
DiMensIoNs oF EAch CoIL IN THE EXPERIMENT AND SIMULATION

Dimension of each coil

Coil
' Inner Inner Outer Outer  Number
Length  Width Length  Width  of turns
(cm) (cm) (cm) (cm)
Ty 26.0 26.0 34.0 34.0 17
Ry 23.0 57.0 26.0 60.0 7
Ry 54.0 54.0 60.0 60.0 13
Rz 23.0 57.0 26.0 60.0 7
TABLE II

MEASURED PARAMETERS OF THE RESONANCE CoiLs WITH THE PROPOSED STRUCTURE

Symbol Quantity Value
Lty the inductance of 7'y 186.412 pH
Lgy the inductance of R 580.893 uH
C compensation capacitance of 7'y 18.807 nF
Cy compensation capacitance of R y 6.035 nF
R the parasitic resistor of 7' 0.253 Q
R the parasitic resistor of R 0.640 Q
fo the original resonance frequency  85.000 kHz

transmitting coil is shown in Fig. 10(b) and the receiving coil is
shown in Fig. 10(c).

B. Mutual Inductance Results

As described in reference [26], [27], the MI calculation
results can be obtained by using MATLAB. The simulation
results of MI are obtained by using Ansys Maxwell model.
The measurement results of the MI are obtained by using an
IM3536 precision LCR meter.

The MI of the EEC structure versus A, is shown in Fig. 11(a).
The MI is almost constant at 35000 uH. For different A, the
MI and the rates of variation of the MI are shown in Table III.
As shown in Table III, the maximum MI is 35.625 uH at A, =
8.5 cm, the minimum M1 is 33.260 uH at A, = 17.0 cm, and the
Ml is 34.925 uH at A, = 0 cm. According to (37) and (38), the
rates of variation in the Ml ¢, , and &, , are 2.00% and 4.77%,
respectively, with different A,.

The MI of the EEC structure versus A, is shown in Fig. 11(b).
The MI is also nearly constant at 35.000 uH. The MI and the
rates of fluctuation in MI are shown in Table IV with A.. As

Fig. 10. Experimental setup. (a) Setup. (b) 7.. (¢) R,.

3 7 T T T T
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Fig. 11. Mutual inductance of the proposed structure versus misalignment. (a)
Mutual inductance versus misalignment along the Y-axis. (b) Mutual inductance
versus misalignment along the X-axis.



148 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 9, NO. 2, JUNE 2024

TABLE II1
€1 x» € x» AND MI WiTH MISALIGNMENT ALONG THE X-AXIS

Mode Mry - Mry — e Mry — e oy ..
Rx — 0 — max _X — min _X - =
S;f:sla“on 36.197 36197 34486 0.00% 4.73%
3:1?1‘;153“"“ 35934 35.934 34256 0.00% 4.67%
Measurement 34925 34.925 33250 0.00%  4.80%
TABLE IV
€1 y» & y» AND MI WITH MISALIGNMENT ALONG THE Y-AxIs
Mode Mry - Mrx - pe M7y - Rx el y oy
Rx — 0 — max _Y —min _Y - -
Calculation . .
aluos 36.197 36559 34618 1.00%  4.36%
sgﬁglsanon 35934 36296 34256 1.01%  4.67%
Measurement 34925 35625 33260 2.00%  4.77%

shown in Table IV, the maximal MI is 34.925 pH with A =
0.0 cm and the minimal MI is 33.250 pH with A=10.0 cm.
According to (39) and (40), the rates of fluctuation in MI ¢, ,
and ¢,  are equal to 0.00% and 4.80% with the misalignment
along the X-axis, respectively.

The research results show that the fluctuation of MI is less
than 5.0% for both the misalignment along the Y-axis and
X-axis directions, which meets the design requirements.

C. Efficiency and Output Power

Parameter A, is changed from 0 cm to 17 cm with a step
of 1.7 cm. And Parameter A, is changed from 0 cm to 10 cm
with a step of 2 cm. Parameter D is set at 15 cm. The model
of the power amplifier is Aigtek ATA-3090, The gain of the
power amplifier is set to 15. The load resistor (R,) is set at
42.0 Q. The input voltage of T, (U,), the input current of 7, (/,),
the output voltage of R, (U,), and the output current of R, (1,)
of the proposed structure are measured by using a Yokogawa
WTS5000 Power analyzer. The measuring schematic diagram
of the output power (P,,) and transmission efficiency (#) is
shown in Fig. 12.

When the misalignment along the Y-axis (A)) is within 17.0
cm, the measured # and P, versus different A, are shown in
Fig. 13(a). As can be seen in Fig. 13(a), # is nearly constant with
different A, the maximum efficiency is 95.35% with A, = 8.5 cm,
and the minimum efficiency is 94.03% with A, = 17.0 cm. The
rate of change in # is only 1.38%. P, is varied from 115.36 W
to 119.35 W with A, varying from 0 cm to 6.8 cm. And P, is
varied from 118.97 W to 126.74 W with A, varying from 8.5 cm
to 17.0 cm. It can be concluded that the variation in P, is
9.86% with the different A,.

When A, is within 10.0 cm, the measured # and P, versus
different A, are shown in Fig. 13(b). As can be seen in Fig. 13(b),
is also nearly constant for different A, the maximum efficiency
is 95.35% with A, = 0.0 cm, and the minimum efficiency is

(" Poweranalyzer
| Yokogawa WT5000 |

AN o P V)

ol N e

. ——
Transfer efficiency (7 utput power (Poy)

Fig. 12. Schematic diagram of test principle.
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Fig. 13. Transfer efficiency and output power versus misalignment with
the proposed structure. (a) Transfer efficiency and output power versus
misalignment along the Y-axis. (b) Transfer efficiency and output power versus
misalignment along the X-axis.

94.13% with A, = 10.0 cm. The rate of change in efficiency
is 1.27%. P, is varied from 114.32 W to 125.32 W when
misalignment along the X-axis is within 10.0 cm. The rate of
change in P, is 9.62% with misalignment along the X-axis.
The research results show that the fluctuations of the transfer
efficiency and P, are very small. This is due to the fluctuation
of MI is small with different misalignments in the proposed
structure.

D. Comparison

The conventional structure is composed of 7, and R, only,
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Fig. 14. Mutual inductance of the traditional structure versus misalignment.
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Fig. 15. Transfer efficiency and output power versus misalignment with the
traditional structure.

TABLE V
PERFORMANCE COMPARISON

References Size of Ty Size of R Misalignment Fluctuation in Fluctuation in Fluctuation in ~ Maximum Is MI
(Length*width)  (Length*width) (cm) MI (%) output power (%)  efficiency (%)  efficiency  increased?
[17] 30em*20cm 100 cm*80cm . -direction: 24 / 50.0 300 740 /
Y -direction: /
[18] 20em*l0cm 100 cm*80cm  “\ ~direction: 30 / 50.0 30.1 71.0 /
Y -direction: 15
[23] Diameter: Diameter: 4 -direction: 24 8.4 142 2.8 77.2 X
38 cm 60 cm Y -direction: 24
X -direction: /
* *
[25] 39 cm*49 cm 65 cm*42 cm ¥ -direction: 20 4.2 7.4 1.4 91.0 X
[ourwork]  34cm*34cm  65cm*60cm . -direction: 10 48 9.9 1.4 95.4 v

Y -direction: 17

where “/” denotes that the value is not given in the reference.

whereas the EEC structure is composed of T, R,,, R,,, and
R 5. The performance comparison between the conventional
structure and the EEC structure is presented. It is found that
the MI of the conventional structure is smaller than that of the
EEC structure and the fluctuation in MI of the conventional
structure is larger than that of the EEC structure. Therefore, the
fluctuation in 7 and P, of the conventional structure are larger
than those of the EEC structure. Experimental results further
prove the progressiveness of the EEC structure.

The MI of the conventional structure versus different A, is
shown in Fig. 14. As shown in Fig. 14, the maximum MI is
27.274 uH with A, = 0.0 cm and the minimum MI is 21.923 uH
with A, = 17.0 cm. In addition, ¢, y and ¢,  are 0.00% and
19.60%, respectively, when A, is within 17.0 cm. The MI and
the rates of fluctuation of the MI with the misalignment along
the X axis are the same as those with the misalignment along
the Y axis. This is because 7, and R,, are square coil structures.

When A, is within 17.0 cm, the rates of fluctuation in the MI
with the conventional structure are much greater than those
with the EEC structure. The maximum rate of fluctuation in
the MI with the conventional structure is 19.60%, while the
maximum rate of fluctuation in the MI with the proposed
structure is only 4.80%. Fig. 15 shows # and P, versus
misalignment along the Y-axis with the traditional structure.
n is varied from 94.99% to 92.55% and P, is varied from

168.23 W to 244.71 W. The rates of fluctuation in P, and 7
are 45.40% and 2.57%, respectively. The # and P, with the
misalignment along the X-axis are the same as those with the
misalignment along the Y-axis. This is because 7, and R,, are
square coil structures. The P, of the conventional structure is
larger than that of the EEC structure because too large MI can
lead to power splitting in the proposed structure [25].

The performance comparison between other references and
our work is shown in Table V. Compared to the literature [17],
[18], [23], and [25], only our proposed structure can reduce the
fluctuation in MI and increase the MI value at the same time.
Therefore, # is the highest in our work. In addition, the MI can
be maintained almost constant in our work when the receiving
coil is moved in the Y-axis or X-axis directions simultaneously.
Therefore, the proposed structure in our work has two
directions of offset capability. The proposed structure can be
used to simultaneously satisfy the dynamic and static wireless
charging requirements of EVs.

V. CONCLUSION

In this paper, an edge-enhanced coil (EEC) structure is
proposed. Moreover, an optimization method of parameters
of the EEC structure is proposed to obtain the optimal coil
parameters. It is found that the MI of the EEC structure can
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not only be kept quasi-constant, but also be increased with
misalignment along the Y-axis. The problem that quasi-
constant MI is obtained at the expense of MI value is solved.
The experimental results show that the MI reaches 35.625 uH
with A, = 8.5 cm and the MI equals 34.925 pH with A, = 0.0 cm
in the EEC structure. The fluctuation in MI is within 4.80%.
The transmission efficiency of the EEC structure is also higher
due to the increase of MI. And the maximum transmission
efficiency is 95.35% when A, and A, are within 50% of the side
length of T, and 10.0 cm, respectively.

It is worth noting that the transfer efficiency and output
power can be maintained nearly constant without additional
auxiliary control devices, although the maximal A, reaches
50% of the side length of 7. This will result in significant cost
savings and reduce the difficulty of controlling the DSWPT
systems. Therefore, the EEC structure can be used to simul-
taneously satisfy the dynamic and static wireless charging
requirements of EVs. In future research, we will study on
adding a magnetic medium to the EEC structure to obtain a
greater MI and a smaller fluctuation in MI.

REFERENCES

[1] S.Y.R. Hui, “Past, present and future trends of non-radiative wireless
power transfer,” in CPSS Transactions on Power Electronics and Appli-
cations, vol. 1,no. 1, pp. 83-91, Dec. 2016.

[2] C. Liao, J. Li, and S. Li, “Design of LCC impedance matching circuit for
wireless power transfer system under rectifier load,” in CPSS Transac-
tions on Power Electronics and Applications, vol. 2, no. 3, pp. 237-245,
Sep. 2017.

[3] E.Abramov, 1. Zeltser, and M. M. Peretz, “A network-based approach for
modeling resonant capacitive wireless power transfer systems,” in CPSS
Transactions on Power Electronics and Applications, vol. 4, no. 1, pp.
19-29, Mar. 2019.

[4] Y. Zhang, S. Chen, X. Li, and Y. Tang, “Design of high-power static
wireless power transfer via magnetic induction: An overview,” in CPSS
Transactions on Power Electronics and Applications, vol. 6, no. 4, pp.
281-297, Dec 2021.

[5] C.Rong, B. Zhang, Y. Jiang, X. Shu, and Z. Wei, “A misalignment-tol-
erant fractional-order wireless charging system with constant current or
voltage output,” in /EEE Transactions on Power Electronics, vol. 37, no.
9, pp. 11356-11368, Sept. 2022.

[6] Z.Yan,Y. Zhang, T. Kan, F. Lu, K. Zhang, B. Song, and C. C. Mi, “Fre-
quency optimization of a loosely coupled underwater wireless power
transfer system considering eddy current loss,” in [EEE Transactions on
Industrial Electronics, vol. 66, no. 5, pp. 3468-3476, May 2019.

[7] Z.Yan, B. Song, Y. Zhang, K. Zhang, Z. Mao, and Y. Hu, ““A rotation-free
wireless power transfer system with stable output power and efficiency
for autonomous underwater vehicles,” in IEEE Transactions on Power
Electronics, vol. 34, no. 5, pp. 40054008, May 2019.

[8] Z. Yan, K. Zhang, L. Qiao, Y. Hu, and B. Song, “A multiload wireless
power transfer system with concentrated magnetic field for auv cluster
system,” in IEEE Transactions on Industry Applications, vol. 58, no. 1,
pp. 1307-1314, Jan.-Feb. 2022

[9] Z. Zhang, S. Shen, Z. Liang, S. H. K. Eder, and R. Kennel, “Dynam-
ic-balancing robust current control for wireless drone-in-flight charging,”
in IEEE Transactions on Power Electronics, vol. 37, no. 3, pp. 3626—
3635, Mar. 2022.

[10] Y. Zhang, Y. Wu, W. Pan, H. Wang, Z. Shen, X. Li, X. Mao, and Z. Li,
“Free positioning wireless charging system based on tilted long-track
transmitting coil array,” in IEEE Transactions on Circuits and Systems II:
Express Briefs, vol. 69, no. 9, pp. 3849-3853, Sept. 2022.

(1]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

Z.Luo, Y. Zhao, M. Xiong, X. Wei, and H. Dai, “A self-tuning LCC/LCC
system based on switch-controlled capacitors for constant-power wireless
electric vehicle charging,” in /EEE Transactions on Industrial Electron-
ics, vol. 70, no. 1, pp. 709-720, Jan. 2023.

M. Mohammad, O. C. Onar, G.-J. Su, J. Pries, V. P. Galigekere, S.
Anwar, E. Asa, J. Wilkins, R. Wiles, C. P. White, et al, “Bidirectional
LCC-LCC-compensated 20-kW wireless power transfer system for me-
dium-duty vehicle charging,” in /EEE Transactions on Transportation
Electrification, vol. 7, no. 3, pp. 1205-1218, Sept. 2021.

Y. Yao, Y. Wang, X. Liu, F. Lin, and D. Xu, “A novel parameter tuning
method for a double-sided Icl compensated wpt system with better com-
prehensive performance,” in /EEE Transactions on Power Electronics,
vol. 33, no. 10, pp. 8525-8536, Oct. 2018.

C. Xiao, D. Cheng, and K. Wei, “An LCC-C compensated wireless
charging system for implantable cardiac pacemakers: theory, experiment,
and safety evaluation,” in [EEE Transactions on Power Electronics, vol.
33, no. 6, pp. 4894-4905, Jun. 2018.

Z. Yan, Y. Zhang, K. Zhang, B. Song, S. Li, T. Kan, and C. C. Mi,
“Fault-tolerant wireless power transfer system with a dual-coupled
LCC-S topology,” in [EEE Transactions on Vehicular Technology, vol.
68,no. 12, pp. 1183811846, Dec. 2019.

A. P. Sample, B. H. Waters, S. T. Wisdom, and J. R. Smith, “Enabling
seamless wireless power delivery in dynamic environments,” in Proceed-
ings of the IEEE, vol. 101, no. 6, pp. 1343—1358, Jun. 2013.

S. Y. Choi, S. Y. Jeong, E. S. Lee, B. W. Gu, S. W. Lee, and C. T. Rim,
“Generalized models on self-decoupled dual pick-up coils for large lateral
tolerance,” in [EEE Transactions on Power Electronics, vol. 30, no. 11,
pp. 64346445, Nov. 2015.

J. Huh, S. W. Lee, W. Y. Lee, G. H. Cho, and C. T. Rim, “Narrow-width
inductive power transfer system for online electrical vehicles,” in /EEE
Transactions on Power Electronics, vol. 26, no. 12, pp. 36663679, Dec.
2011.

S.'Y. Choi, B. W. Gu, S. Y. Jeong, and C. T. Rim, “Advances in wireless
power transfer systems for roadway-powered electric vehicles,” in IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol. 3, no.
1, pp. 18-36, Mar. 2015.

M. Budhia, J. T. Boys, G. A. Covic, and C.-Y. Huang, “Development of a
single-sided flux magnetic coupler for electric vehicle IPT charging sys-
tems,” in [EEE Transactions on Industrial Electronics, vol. 60, no. 1, pp.
318-328, Jan. 2013.

Z.Li, W. Cheng, J. Yi, and J. Li, “Design and optimization of quasi-con-
stant mutual inductance for asymmetric two-coil wireless power transfer
system with lateral misalignments,” in Progress In Electromagnetics Re-
search M, vol. 69, pp. 207-217, Jun. 2018.

Z. Li, M. Zhang, S. Huang, and J. Yi, “Design and optimization of struc-
ture of tower-type coil in wireless charging system for electric vehicles,”
in Progress In Electromagnetics Research B, vol. 85, pp. 85-101, Aug.
2019.

Z. Li and J. Yi, “Modeling and design of a transmission coil and four
cascaded receiving coils wireless charging structure with lateral misalign-
ments,” in [EEE Access, vol. 8, pp. 7597675985, Apr. 2020.

Y. Chen, R. Mai, Y. Zhang, M. Li, and Z. He, “Improving misalignment
tolerance for IPT system using a third-coil,” in /EEE Transactions on
Power Electronics, vol. 34, no. 4, pp. 3009-3013, Apr. 2019.

Z.Li,J. Li, S. Li, Y. Yu, and J. Yi, “Design and optimization of asymmet-
ric and reverse series coil structure for obtaining quasi-constant mutual
inductance in dynamic wireless charging system for electric vehicles,”
in IEEE Transactions on Vehicular Technology, vol. 71, no. 3, pp. 2560—
2572, Mar. 2022.

S. Zhang, J. Tang, and W. Wu, “Calculation model for the induced volt-
age of pick-up coil excited by rectangular coil above conductive plate,” in
2015 IEEE International Conference on Mechatronics and Automation
(ICMA), Beijing, China, 2015, pp. 1805-1810.

Z. Luo and X. Wei, “Analysis of square and circular planar spiral coils in
wireless power transfer system for electric vehicles,” in /EEE Transac-
tions on Industrial Electronics, vol. 65, no. 1, pp. 331-341, Jan. 2018.



Minsheng Yang graduated from Hunan University
with a Ph.D. in 2012, and is currently the Vice Dean
of the School of Computer and Electrical Engineer-
ing at Hunan University of Arts and Sciences, where
he has long been engaged in research and teaching
related to the fields of electrical energy conversion
and control, electrical control technology, electrical
equipment intelligence and intelligent control.

Yu Cheng was born in China in 1998. He received a
Bachelor’s degree in Mechanical Design-Manufac-
ture and Automation from College of Science and
Technology Ningbo University, NingBo, China, in
2021. He is currently pursuing the Master’s degree
in Electronic Information at Hunan University of
Technology. His current research interests include
wireless power transfer systems.

Xinbo Xiong was born in China in 1998. He re-
ceived a Bachelor’s degree in Electrical Engineering
and Automation from Hohai University, NanJing,
China, in 2020. He is currently pursuing the Master’s
degree in Energy Power at Hunan University of
Technology. His current research interests include
wireless power transfer systems.

Z. Ll et al.: DESIGN OF EDGE-ENHANCED COIL STRUCTURE TO OBTAIN CONSTANT MUTUAL INDUCTANCE WITH HORIZONTAL MISALIGNMENT 151

Zhonggqi Li was born in China in 1985. He received
the M.Sc. degree from Hunan University of Technol-
ogy, China in 2012, and the Ph.D. degree from the
Hunan University in 2016. From 2016, he is working
Assistant Professor in Hunan University of Tech-
nology, China. From 2020, he is now working post-
doctoral fellow in Hunan University. His research
interests include wireless power transfer systems and
soft-switching power converters.

Zhongbang Chen was born in China in 1999. He
received a Bachelor’s degree in Automation from
Software Engineering Institute of GuangZhou,
GuangZhou, China, in 2017. He is currently pursu-
ing the Master’s degree in Control Theory and Con-
trol Engineering at Hunan University of Technology.
His current research interests include wireless power
transfer systems.

Shoudao Huang received the B.Eng. and Ph.D.
degrees in electrical engineering from the College of
Electrical and Information Engineering, Hunan Uni-
versity, Changsha, China, in 1983, and 2005, respec-
tively. He is currently a Full-Time Professor with the
College of Electrical and Information Engineering,
Hunan University. His research interests include mo-
tor design and control, power electronic system and
control, and wind energy conversion systems.



