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Abstract—In wireless power transfer systems for electric vehi-
cles, coil misalignment is inevitable in most charging situations.
Most present studies concentrate on the misalignment tolerance in
one direction, either in the X, Y, Z, or diagonal directions, but lack
the misalignment tolerance on the whole charging plane. In this
article, a reconfigurable adaptive topology and centrosymmetric
coils are proposed to achieve misalignment tolerance over the whole
charging plane. By switching among three operation modes of
the proposed reconfigurable topology at the different misaligned
regions, the output voltage at the boundary regions can be in-
creased and the output voltage fluctuation can be limited. First,
the mathematical model of the proposed reconfigurable adaptive
topology in the different operation modes is investigated. Second,
the design process of the magnetic coupler and the characteristics of
the centrosymmetric coils are presented. Finally, a 926-W prototype
is built to verify the proposed system. The experimental results
demonstrate that the fluctuation of the output voltage is less than
21.3% apart from the four most corner regions, and the peak
efficiency is 84.5%.

Index Terms—Centrosymmetric coils, electric vehicles (EVs),
misalignment tolerance, reconfigurable topology, wireless power
transfer (WPT).

1. INTRODUCTION

O ADAPT to the development of green concepts in the
T new era, electric vehicles (EVs) are becoming more and
more popular in the market. The development of EVs has also
been accompanied by technological innovation [1], [2], [3]. The
onboard charger (OBC) [4], [5], [6] and wireless power transfer
(WPT) are two prime charging methods for EVs. OBC takes
advantage of high efficiency and mature production segments
but lacks convenience and safety. Wired charging cables can also
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take up much space and can be unaesthetic. Unlike OBC, WPT
combines convenience, safety, and automation as advantages
which has attracted more and more attention from academia
and industry in recent years [7]. It can also be combined with
OBC [8]. Application of WPT runs through various fields such
as industry, autonomous underwater vehicle, and medical fields
[91, [10], [11], [12].

The conventional WPT technology can be divided into induc-
tive power transfer (IPT) and capacitive power transfer (CPT).
CPT relies on the alternating electric field of two pairs of metal
plates for power transfer. CPT is simple and inexpensive to
manufacture, but it is inefficient and sensitive to surroundings
[13]. In comparison, energy is transferred through the magnetic
field of coupled coils for IPT, which is more efficient and has a
longer charging distance. IPT is the most widely used method
in WPT technologies [14].

The IPT system [15] usually consists of power converters,
magnetic couplers, and resonant networks. The magnetic cou-
plers are made up of the transmitting (Tx) and receiving (Rx)
coils. In wireless charging for EVs, due to manual parking,
the Tx and Rx coils often fail to align, resulting in positional
deviations. This causes fluctuations in the mutual inductance of
the transmitting and receiving coils, leading to fluctuations in
the output voltage and a significant reduction in the efficiency
of the charging system. Consequently, misalignment tolerance is
one of the key research fields in EV wireless charging systems.
The misalignments in a WPT system are usually referred to as
X misalignment, Y misalignment, and diagonal misalignment,
which are shown in Fig. 1. The transmitting coil is on the
ground side, whereas the receiving coil is on the car side. X
misalignment usually refers to the misalignment in the direction
of the car going forward or backward. Y misalignment is also
called door-to-door misalignment. To improve misalignment
tolerance and the stability of the IPT systems, the modification of
the magnetic coupler and the topology structure are investigated.

Typical magnetic couplers include the unipolar coil (Q), the
bipolar coil (DD), the double-D quadruple coil (DDQ) [16], and
the solenoid coil. In [17], the DD coil was used as the Tx and Rx
coils to tolerate the misalignment and get a stable output power
fluctuation in the Y-direction. However, the X misalignment
tolerance was weak. A third-coil coupler was utilized to improve
the misalignment tolerance in X- and Y-directions, but also did
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Fig. 1. Graphs of misalignment of receiving coil of three types. (a) and
(b) Align well. (c) X misalignment. (d) ¥ misalignment. (e) Diagonal misalign-
ment.

not affect the inherent output characteristics [18]. In [19], the
quadruple-D quadrature pads were proposed to tolerate the X, Y,
Z, and diagonal misalignments. However, the coil size was too
large and the percentage of the misalignment was less than 50%.
In [20], the integrated decoupling coils of two unipolar coils were
introduced, which was efficient under the X or Y misalignment
direction. However, the whole planar misalignment tolerance
was not considered. In [21], the Rx coil was integrated into the
compensation coil and the coil space was fully utilized. The
X, Y, Z, and diagonal misalignment tolerance was achieved.
However, the misalignment range study still does not cover the
entire charging plane. In [22], one diode was replaced with
an active switch. By controlling its state, the system could
operate in a full-bridge rectifier mode or a half-bridge rectifier
mode. The output power fluctuation of the proposed system
was less than 17.5% along X or Y misalignments. However, the
maximum output power was low. In [23], a clamp circuit and
a reconfigurable rectifier were combined to improve coupling
variation tolerance. The output power fluctuation was only 5%
as the experiment showed. However, the maximum output power
was only 400 W.

Four types of compensation topologies, namely series (S),
parallel (P), inductor-capacitor-capacitor (LCC), and inductor-
capacitor-inductor (LCL) can be combined on both the Tx and
Rx sides. A dual-transmitter EV charging system with a recon-
figurable topology was proposed to tolerate door-to-door mis-
alignmentin [24]. However, the degree of misalignment freedom
needs improvement. In [25], an S-P topology was applied to the
three-Rx system, which can be of high efficiency. However, the
cost was high in designing the magnetic coupler and the output
fluctuation was large. The hybrid topology of the input-parallel
output-series connection can ensure the mutual inductance is
stable within a certain elliptic region, but it decreases rapidly in
the boundary regions [26]. S and LCC topologies were connected
in parallel on the Rx side to implement misalignment tolerance

n [27]; however, the misalignment tolerance just be reflected
on Y misalignment. In [28], a relay coil was combined with the
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hybrid topology. A load-independent constant-current output
and improved misalignment tolerance can be achieved with a
relatively small number of compensation components. However,
it only achieved the misalignment tolerance on the axis.

Through the above analysis, it can be concluded that the
existing studies mainly concentrate on tolerating the X, Y, Z,
and diagonal misalignments, but neglect the misalignment on
the whole plane. To improve the misalignment tolerance over
the whole plane, this article proposes a reconfigurable topology
and centrosymmetric coils. Based on the topology, the system
can switch among three working modes in different regions and
utilize several dominant coil combinations to transfer energy in
each region. The output voltage fluctuation can be limited and
the output voltage on the boundary regions can be increased.

The rest of this article is organized as follows. Section II
presents the operating modes of the proposed topology. The
mathematical model is also analyzed. The design process of
the magnetic coupler is clarified in Section III. The experimental
results are presented in Section I'V. Finally, Section V concludes
this article.

II. PROPOSED TOPOLOGY AND MATHEMATICAL MODEL
A. Proposed Topology

The LCC-S topology is selected to tolerate weak couplings, as
shown in Fig. 2(a). The unipolar coil is chosen as the Tx coil, and
the proposed centrosymmetric coils and the cross-shaped coil
are selected as the Rx coils, as shown in Fig. 2(b). L; is the Tx
coil. Lg1—Lgy are the centrosymmetric Rx coils on the first layer.
The coils of the same color belong to the same coil. Lgs is the
cross-shaped Rx coil in the second layer. S1—S, are four power
MOSFETS of the inverter, and D;—D1 4 are the rectifier diodes. U;
denotes the ac input voltage. Viny and Vi denote the de volt-
ages of the inverter and rectifier, respectively. Up1, Uo2, Uos,
Uos, and Ups denote the ac output voltage of five branches,
respectively. Vrec1, VREc2, VRECS, VREC4, and Vrics denote
the dc output voltage of the five branches, respectively. M1, Mo,
Ms, M4, and M5 are the mutual inductances of the corresponding
coils. Ly, Cp, and C; are the Tx compensation inductance and
capacitors. Cg1, Cg2, Css, Csy4, and Cgs are the Rx compensation
capacitors. Ry, is the load resistance. Iy, I1, Is1, Is2, Is3, Is4, and
Is5 denote the rms values of the corresponding currents.

Sk, Dki1, and Dgo are the switches for mode transition
between the series and parallel connection of the diode rectifier
on the dc side. When Sk is OFF, Dk; and Do are both ON to
provide two current paths for both layers of coils, and the dc
output of the four parallel branches (Lg;1—Ls4) are connected in
parallel with the dc output of the cross-shaped coil Lgs. When Sk
is ON, Dk and Dx» are both OFF due to the reverse voltage, and
the dc output of four parallel branches (Lg;—Lg4) are connected
in series with the dc output of the cross-shaped coil Lgs, which
ensures that the current paths of both layers of coils are the
same.

For the use of rectifiers, the ac output of the four small coils
is connected with four half-bridge rectifiers, whereas the ac
output of the cross-shaped coil is connected with a full-bridge
rectifier. The reason for different arrangements of rectifiers is
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to balance the mutual inductance difference caused by different
coil sizes. The large cross-shaped coil is connected to the full-
bridge rectifier, whereas the four small coils are connected to
the half-bridge rectifier such that the output voltage can remain
stable. Moreover, the use of four half-bridge rectifiers can reduce
the number of diodes.

B. Mathematical Modeling

The angular frequency of the system is w;. The resonant
conditions of the WPT system can be expressed as

1 1
Ly — =w1 Ly — —
wroE wle Wit w101 wlCF
1 1 1
wilst w01Cs1 wilg2 w1 Csy wi g3 Css
1 1
=wiLgs — = wiLgs — =0 (1
w1Csy w1Css

Using fundamental harmonic approximation, the relationship
between the ac and dc quantities can be deduced as

2v/2

Ur=——Vinv,Uom = _QVRECWH and Ups = _ZVREC5
™ ™ ™
2
where mis 1, 2, 3, or 4.

The different working modes and the corresponding dominant
coils in different Rx misalignment regions are shown in Fig. 3.
The distance on the axis indicates where the center of Rx is
located, that is, the misalignment distance at which the receiver
coil is offset. The three different colored zones indicate the three
different modes of operation when the Rx center is in that zone.
The combination of coils in each boxed region indicates the
dominant Tx coils at that location.

This equivalent receiving circuit is shown in Fig. 4. The red
and green boxed regions are the equivalent circuits of each of
the two layers of Rx coils, respectively. In Fig. 4, M, (x =1, 2,
or 3; y = 2, 3, or 4) is the mutual inductance between Lg, and
Lg,. The mathematical model of the coil changes accordingly
for the misalignment position. The following three parts analyze
the different modes.

(a) Proposed series-parallel toggle topology. (b) Coil structures corresponding to topological coils L1 and Lgi1—Lgs.
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Fig. 3. (a) Different working modes and (b) dominant coils in different Rx
misalignment regions.
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Fig. 4. Equivalent circuit at the receiving side.

1) Mode I: Inthis mode, Sk is OFF, and D and D> are ON.
This mode will take effect when the Rx coils align well with the
Tx coils. At this time, the five branches are connected in parallel.
The coupling between Lss and Tx is optimal, which results in
the largest output voltage of all these five coils. When multiple
current-controlled voltage sources are connected in parallel,
only the branch with the largest output voltage is connected,
and the other branches are disconnected. The output from the
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cross-coupling of the four small coils can be negligible. The
equivalent circuit of Mode I at the Rx side is presented in Fig. 5.

The output voltage, the output current, the output power, and
the ac—ac efficiency can be expressed as

VRec = W2CFM5V1NV 3)
w2C M5V
Igpe = —2- 5T 4
Ry,
WCE M2V
Pour = —— =215 ®)
Ry,
P,
" ouT )

~ Pour + I3Rir + I3Ri1 + I35 Russ

where Ry, Rr,1, and Ry g5 are the equivalent series resistances
(ESRs) of the corresponding inductances Ly, L1, and Lgs.

2) Mode II: In the second mode, Sk is OFF, and Dy and
Dy are ON. This mode will take effect when the Rx coil deviates
from the Tx coil (30 mm < |X misalignment| < 150 mm and 30
mm < |¥ misalignment| < 150 mm). At this time, the circuit
is connected in the same way as Mode I and the dominant coil
will be one of the four small coils. For example, when the Rx
coil moves to the region of the negative axes of X and Y called
the fourth quadrant, Lg; has the optimal coupling with L. Iss,
Is3, Is4, and Igs will tend to zero. The same applies to the other
three quadrants. The equivalent receiving circuit of Mode 1II is
presented in Fig. 6. In Fig. 6, x =1, 2, 3, or 4.

The output voltage, the output current, the output power, and
the ac—ac efficiency can be expressed as

Viec = 2w”Cr M, Viny @)
2w2CE M,
Trpe = w ®)
L
4 4 2M2 2
Poutr = M )
Ry,
P
OUT (10)

= Pour + IfRip + I§ Ry + I3, Risa

where Ry, is the ESR of the inductance Lg,.
3) Mode III: When the Rx coil is moved to the orange regions
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Fig. 6.  Mode II: Equivalent circuit at receiving side when Lg, dominates.
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Fig. 7. Mode III: Equivalent circuit at receiving side when dominant coil Lg
connected with Lgs in series.

misalignment is 150 mm, the coupling coefficient between the
Tx and the four small coils or the cross-shaped coil decreases
dramatically. To smooth the variation of the output voltage in
the boundary misalignment regions, Mode III takes effect when
Sk is ON and Dxk; and Dks are OFF. Only one output of the four
small coils will be connected with the output of Lgs in series.
Unlike the fully parallel scheme of the five branches, the output
voltage of the boundary regions can be effectively compensated
when Sk is ON. The equivalent receiving circuit of Mode III is
presented in Fig. 7.

The output voltage, the output current, the output power, and
the ac—ac efficiency can be expressed as

Veec = w?CpViny (2M,, + M) (11)
2 2M, + M
Inge = £ CRVive @M + Ms) (12)
L
W C2Vi2 (2M, + M;)?
Pour = F le(R 5) (13)
L
- Pout
Pour + II%RLF + I%RLl + IngLSz + I§5RL55 ’
(14)

After analyzing three modes under misalignments and com-

in Fig. 3, that is, the X misalignment is 150 mm or the Y paring the output voltage expressions of three modes, it can be
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observed that M5, 2M ;;, and 2M ,+Ms5 are the equivalent effective
mutual inductances of three modes, and they are all controllable
variables. By adjusting these three equivalent effective mutual
inductances to remain smooth in each of the three correspond-
ing regions, a reduction in output fluctuations can be realized.
Therefore, the next section describes the process of designing
the magnetic coupler to realize the above scheme.

III. PROPOSED MAGNETIC COUPLERS

The structures of magnetic couplers are shown in Fig. 8.
The transmitting distance is 75 mm. To ensure that the mutual
inductance is large enough during diagonal misalignment, four
small coils of the same size are placed in the four corners of
the same layer. In the meantime, each coil is connected in series
with a small coil, which is nested counterclockwise in adjacent
coils, so that when the coils offset along the X- and Y-axes, the
Tx coil and the Rx coils have strong enough coupling to improve
the output. Four small coils and their nested coils are combined
to form the centrosymmetric Rx coils.

Mutual decoupling between coils is vital to the performance of
WPT. Inthis article, the yellow one is decoupled with the Rx coils
of the second layer. The mutual decoupling of the coils simplifies
the analysis of the topological mathematical model, and at the
same time reduces the interaction between the coils, reduces
the current exchange between the coils, reduces the losses,
and improves efficiency. Here are generally two decoupling
methods, one is to decouple by overlapping coils, and the other
is to decouple by nesting decoupled coils. This article takes the
first approach. As shown in Fig. 9(a), the current direction of
all coils is counterclockwise, so the direction of the magnetic
field generated by all coils is facing upward. To take the coil
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Fig. 10.  Max(2|My|, [M5]) with and without nested coils under diagonal and
X misalignments.

Lg and the cross-shaped coil Lgs as a decoupling example, the
decoupling principal diagram is portrayed in Fig. 9(b). In the
regions where the two coils intersect, the coupling coefficient
between Lg; and Lgs is positive, whereas it is negative in the
regions where both do not intersect. After the modification
of the sizes of the coils, the sum of these two parts of the
coupling coefficient will approach zero, which indicates they
are decoupled from each other. So, Lg1—Lg,4 are decoupled with
LS5.

With nested coils and without nested coils under diagonal and
X misalignments are shown in Fig. 10. The function Max(2|M,|,
|M5)) indicates the maximum value of 2|M,| and |M5|. By com-
parison, it can be learned that magnetic couplers with nested
coils can greatly improve the stability of mutual inductance fluc-
tuations in axial misalignments based on ensuring the stability of
mutual inductance fluctuations in diagonal misalignments. The
equivalent effective mutual inductance increases in the boundary
regions with nested coils. The above results and analysis of the
simulation are as expected.

To describe the fluctuation of a variable during coil misalign-
ments, we define the volatility as follows:

5 _ Xmax - Xmin « 100%
X max T X min
where ¢ is the volatility of the variable X, and X, and Xy,
are the maximum and minimum values of X, respectively.

The design flowchart is listed in Fig. 11. Np is the number of
turns of TX. Ngrx1 is the number of turns of Lg1—Lgs. Nrxi-2 18
the number of turns of the nested coils of Lg1—Lg4. Nrxo is the
number of turns of Lgs.

3-D diagrams of mutual inductance with misalignment of
different magnetic couplers are shown in Fig. 12. All these
magnetic couplers are unipolar coils (Q), and their Rx coils
are unipolar coil (Q), bipolar coil (DD), quadrupolar coil, and
the proposed coil, respectively. From this figure, the mutual
inductance is high in the middle and low in the periphery when
the Rx coil is Q. When the Rx coil is Q or DD, their mutual
inductance fluctuations trend seems to be similar. The whole
plane is unstable and their absolute values of mutual inductance
have zero crossing points. After the above comparison, the
advantages of the proposed magnetic couplers are more obvious.

15)
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Design flowchart of magnetic couplers.

Fig. 12.  Simulation of absolute values of mutual inductance for (a) Q to Q,
(b) Q to DD, () Q to quadrupolar coil, and (d) Max(2|M,], |M5|) of the proposed
magnetic couplers.

This structure not only has a small mutual inductance volatility
but also its mutual inductance does not cross zero.

IV. EXPERIMENTAL VALIDATION

To verify the availability of the proposed system, a 926-W
prototype is built. The experimental prototype is shown in
Fig. 13. Sk, Dxk1, and Dk are integrated on one printed circuit
board (PCB). Sk is a relay. The parameters of the experimental
prototype are listed in Table I.
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= SK andﬁm,

Fig. 13.  Photo of the experimental prototype.
TABLE I
PARAMETERS OF EXPERIMENTAL PROTOTYPE

Vinv 200V f 85 kHz Ry 20Q

Ly 12.43 uH Lsy 9.58 uH Csy 371.8 nF

L, 77.68 uH Lss 25.45 uH Cs3 364.4 nF

Ls[ 9.71 ,uH CF 282.1 nF Cs4 366 nF

Ls, 9.43 uH C 53.73 nF Css 137.8 nF

Ls3 9.62 ,uH Cs] 361.1 nF Np 10

Nrxi 5 Nrxi2 2 Nrxz 6
105 10.5
g 03 gy “’
= 95 S &25 95
el 5 § 53 5
= 8.5 T 10 8.5
d 853 :
= 75 IS N K
E BRSSO W s
"’Isa/l. / /o?"?\f’ = .O et
= '”e,,,’\ "‘axo(d\S"’\‘%
(®)

Fig. 14.  Experimental results of equivalent mutual inductance of the proposed
magnetic couplers. (a) Max(2|M |, [Ms|). (b) Max(2|M|, |M5|) and 2|M |+|Ms5).

The experimental values of Max(2|M_|, |M5|) and 2|M | + |M5|
are shown in Fig. 14. The equivalent effective mutual induc-
tances in the boundary regions are smoother than the situation
without Sk. Comparing Figs. 12 with 14, the overall mutual
inductance values are lower than that of the simulation. The
shape of the equivalent effective mutual inductance 3-D diagram
of the experimental coils is distorted in some regions, which
is caused by errors in the shape and sizes of the experimental
wound coils.

The output voltages of mathematical calculation and experi-
mental results when Sk works and does not work are shown in
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TABLE IT
COMPARISON WITH OTHER METHODS
. Maximum pad Gap Misalignment range (mm) Load-independent Output
Comparison . Lo .
size(mm) (mm) (misalignment percentage) output fluctuation
Only axial direction
X misalignment: £150 mm (33.3%) o
[17] 450x450 120 Y misalignment: +150 mm (33.3%) No 27.3%
Z misalignment: N/A
Only axial direction
X misalignment: £70 mm (20%) o
[29] 3307350 80-130 Y misalignment: £70 mm (20%) No 15%
Z misalignment: 50 mm
Only axial direction
X misalignment: +150mm (37.5%) o
[19] 400=400 150 Y misalignment: +150mm (37.5%) cv 3%
Z misalignment: -2 to+3.5 (23.3%)
Only axial direction
X misalignment: £200 mm (50%) _ o
[30] 400400 120 Y misalignment: £50 mm (12.5%) ce-cv 3%
Z misalignment: +50 (33.3%)
The whole plane
This article 300x300 75 (IX misalignment | < 150 mm and CV 21.3%
|Y misalignment | <150 mm)
150 150 12 12
300 140 140
~ 240 130 52 130
% 180 a - 120 % 120
5 lzg /! - 110 ;' 110
B ol Y 00 ;S 100
IEEECE N e LU 90
;»%Z%)M% ac: 80 80
ey, 7B X“‘.ﬁa\‘\%““‘
(a)
150
300 140
E 240 130
o 180 120
% 123 110
§ 60(’? 100
IS " EU
k"hs«.a,%/\fz % S W
) /:) T 2 sl
£ X

Fig. 15.  (a) Output voltage of mathematical calculation when Sk works.
(b) Experimental results when Sk does not work. (c) Experimental results when
Sk works.

Fig. 15. Through the comparison between Fig. 15(a) and (b),
it can be seen that when Sk works, the experimental values
agree well with the calculated values on the whole, and the
experimental values are slightly lower than the calculated values.
Apart from the positions where X misalignmentis 150 mm and Y
misalignment is 150 mm, § of Fig. 15(a)—(c) are 17.1%, 26.9%,
and 21.3%, respectively, which indicates by introducing Mode
III, the output voltage is raised in the boundary regions, and
misalignment tolerance performance of the system is improved.

The output power and dc—dc efficiency of the calculation and
experiment are shown in Fig. 16. The peak output power of the
experiment is 926 W and the average value is 655 W. The trend
of calculated output power is almost consistent with that of the
experiment. The peak dc—dc efficiency can reach up to 84.5%.

Fig. 16.  Output power of (a) calculation and (b) experiment. DC-DC effi-
ciency of (c) calculation and (d) experiment.

The average efficiency is 75.2%. There exist some discrepancies
between calculated and experimental results like the asymmetry
of the figure and lower output power and efficiency than calcu-
lated values. The asymmetry of the figures can be caused by the
asymmetry of the hand-wound coils. The actual experimental
model has a slight error with the mathematical model.

The experimental waveforms under good alignment are
shown in Fig. 17. As can be seen from this figure, the phase of
voltage is slightly ahead of the phase of current, which proves
that the transmit-side impedance shows weak inductance. Zero
voltage switching (ZVS) has been realized, which can actually
decrease the loss of switches and stable output.

To show the superiority of the proposed system, the per-
formance of other methods has been compared with the other
methods in Table II. Compared with the other four methods,
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Fig. 18.  Loss distribution of the proposed system.

the proposed system has smaller size coils and a wider range of
misalignments. Compared with the method presented in [17],
the proposed system has a lower output variation. Compared
with the methods presented in [17], [27], and [28], the output
voltage of this system is load-independent.

The power loss of the IPT system mainly includes the fol-
lowing six parts: the inverter MOSFETS, the transmitting and
receiving coils, the compensation capacitors, the compensation
inductance, and the rectifiers, as shown in Fig. 18. The losses of
the inverter MOSFETs occupy the largest proportion.

V. CONCLUSION

This article has proposed a WPT system based on reconfig-
urable adaptive topology and centrosymmetric coils. The adap-
tive topology can change parallel or series modes by controlling
Sk. Centrosymmetric coils contain four unipolar coils that were
not decoupled from each other and a cross-shaped coil. The
magnetic couplers can keep the equivalent effective mutual
inductance stable. The mathematical model of the topology was
established and analyzed. Parameters were modified to improve
the misalignment tolerance performance of the proposed system.
A 655-W experimental prototype was implemented to verify
the effectiveness of the proposed IPT system. The volatility
of the output voltage was within 21.3%. The misalignment
tolerance of the system and ZVS of the inverter has been actually
realized.
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