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Abstract—Interoperability and misalignment tolerance issues
are two urgent problems to be solved in electric vehicles wireless
charging systems. To address these issues, a wireless power transfer
(WPT) system based on decoupled mutually spliced double-D (DD)
receiving coils is proposed in this article, which can achieve certain
interoperability and antimisalignment performance. These two
receiving coils are connected in series via the rectifiers on the dc
side, resulting in the total equivalent mutual inductance equal to
the sum of the absolute values of the mutual inductances between
the transmitting coil and the two receiving coils. Compared with
existing works, the proposed WPT system can achieve interop-
erability and misalignment tolerance with different transmitting
coils: the square coil, the DD coil along the X- or Y-directions, and
the quadrupole coil. A mathematical model and an experimental
prototype are developed to verify the effectiveness of the proposed
scheme, and the highest efficiency of the experimental prototype is
92.49%.

Index Terms—Antimisalignment, decoupled, double spliced
double-D (DD) coil, interoperability, wireless charging, wireless
power transfer (WPT).

I. INTRODUCTION

W ITH the rapid development of electric vehicles (EVs),
the charging problem of EVs also needs to be further

studied. At present, there are two mainstream charging methods
for EVs, which are wired charging and wireless charging. Wired
charging is a more traditional solution, the advantages of which
are mainly higher efficiency and simpler technology, but the dis-
advantages are also very obvious: the charging process requires
manual intervention, which is not intelligent and automatic
enough; it is easy to occur in extreme weather such as heavy rain
and snowstorm; at the same time, the length of the wire limits
the range of charging and so on. In contrast, wireless charging,
also known as wireless power transfer (WPT), has received
widespread attention and is favored by academia and industry
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Fig. 1. Conventional coil structures. (a) Square coil. (b) DD coil along X-
direction. (c) DD coil along Y-direction. (d) Quadrupolar coil.

because of its advantages of reliability, safety, convenience, and
automation in transmitting power [1], [2], [3], [4], [5].

Wireless charging can be classified into many types, among
which the most technically mature and widely used is mag-
netic induction based on coupled coils. The coupled coils are
physically separate, resulting in issues such as interoperability
[6], [7], [8] and misalignment tolerance [9], [10], which should
be solved before successful commercialization. Interoperability
refers to the ability to transmit power efficiently between various
coil structures, topologies, and other different conditions. Coil
interoperability is one key issue. Among them, several coil
structures, namely the square coil, the double-D (DD) coils along
the X- or Y-directions, and the quadrupolar coil, are shown in
Fig. 1, which are the mainstream structures presently. These
coils are decoupled from each other when aligned, leading to
failure of efficient power transmission.

Numerous solutions to the interoperability issue have been
put up by researchers both domestically and internationally.
According to [11] and [12], interoperability could be achieved
by maintaining specific relative locations for the transmitting
(Tx) and receiving (Rx) coils. However, this approach makes
it necessary to charge various coil types at various locations,
which is both difficult and unworkable. This is due to the
possibility that many EV consumers are unaware of the category
to which the charging coil belongs. Therefore, it is crucial to
make sure the system can charge various coils simultaneously
at the same location. In order to achieve interoperability, [13]
published a three-coil interleaved structure, [14] coupled DD
coils and solenoid coils, and [15] stacked square coils and DD
coils together. The interoperability of a number of the common
coil configurations depicted in Fig. 1 cannot be concurrently
satisfied by any of these articles, despite the fact that they
all manage interoperability to some degree. Further study on
coupling structure compatibility is urgently needed since it will
have a significant impact on the EV manufacturers and user
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Fig. 2. Proposed system topology.

Fig. 3. Equivalent circuit of proposed system.

groups who employ that coil structure when one of the coil
interoperability requirements is not met.

In addition, academics domestically and internationally have
conducted a significant amount of research on the performance
indices and evaluation methodologies of interoperability in order
to ascertain whether the system complies with the interoperabil-
ity standards [16], [17], [18], [19], [20]. Power and efficiency
continue to be the foundation of the most popular and natural
evaluation approach. This method generally requires the system
to have a certain misalignment tolerance [21], [22], [23]. The
reason for the misalignment tolerance is that there is no assur-
ance that the receiver (Rx) side and the transmitter (Tx) side
are constantly lined up while a car is parked. During manually
operated parking, the Tx and Rx coils may inevitably be out
of alignment. Misalignment is a crucial reception problem that
must be resolved in order for the system to continue transmitting
energy effectively. Because the door–door direction is frequently
more prone to misalignment and more challenging to fix than
the front-rear direction, misalignment tolerance in the door–door
direction is more crucial.

In order to enhance the misalignment tolerance, scholars from
various countries have conducted a lot of researches, and various
researches mainly focus on three aspects of magnetic coupling
structure, compensation topology, and control methods. In terms
of magnetic coupler design, multiple coil structures [24] were
adopted, such as bipolar coils [25], tripolar coils, DDQ coils,
solenoidal coils, and other coil structures [26]. Antiparallel
windings [27], [28] can also help to improve the misalignment
tolerance. In terms of compensation networks, many studies
used hybrid topologies to achieve antimisalignment perfor-
mance [29], [30], such as series–series and double-sided LCC
(inductor-capacitor-capacitor) hybrid topologies. On the control
system side, it is often implemented by using an additional power

Fig. 4. Proposed coil structures. (a) Structure I. (b) Structure II. (c) Structure
III. (d) Structure IV.

Fig. 5. Proposed coil design flow for decoupling.

conversion stage [31]. With these methods, the misalignment
tolerance problem can be solved, but the methods to change the
system topology and control system are too complicated. Other
studies of optimized coil structures, with fewer coil degrees of
freedom, are unable to meet requirements other than resistance
to misalignment. Therefore, a simpler and more malleable coil
structure is needed to meet the interoperability requirements
required in this article with some misalignment tolerance.

To solve these problems, this article proposes a mutually
spliced DD coil set, realizing the interoperability of the four
prevailing coils, as shown in Fig. 1. Also, the proposed coil
structure has certain antimisalignment performance.

The rest of this article is organized as follows. Section II
presents the proposed system topology and mathematical model.
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Fig. 6. Variation of the coupling coefficient between Coil A and Coil B with
misalignment. (a) Structure I. (b) Structure II. (c) Structure III. (d) Structure IV.

Fig. 7. Coupling coefficients among winding.

The proposed coil structure is presented in Section III, and its
interoperability and resistance to misalignment are analyzed.
Section IV offers the experimental validation. Finally, Section V
concludes this article.

II. TOPOLOGY AND MODELLING

The system topology is shown in Fig. 2. VINV (VREC) is the
inverter (rectifier) dc voltage. LT is the self-inductance of the
Tx coil, and IT is its current. LF is the compensation inductor,
and IF is its current. CT is the series compensation capacitor,
and CF is the shunt compensation capacitor. CRA and CRB are
the Rx series compensation capacitors. LRA and LRB are the
self-inductances of the Rx Coils A and B, and IRA and IRB are
the Rx coil currents. RL is the load resistance. MTRA (MTRB)
is the mutual inductance between the Tx coil and the Rx Coil A
(B). MRAB is the mutual inductance between the two Rx coils.

The system works at the resonant angular frequency ω

ω =
1√

LRACRA
=

1√
LRBCRB

=
1√

LT
CFCT

CF+CT

. (1)

The equivalent circuit is shown in Fig. 3. RF is the equivalent
series resistance (ESR) of LF. RT is the ESR of LT. RR is the
sum of the ESRs of LRA and LRB. CR is the series equivalent
capacitance of CRA and CRB. RR and CR can be expressed as

RR = RRA +RRB, CR =
CRACRB

CRA + CRB
. (2)

UT (UR) is the fundamental component of the inverter (recti-
fier) ac voltage. REQ is the equivalent load resistance. UT, UR,

Fig. 8. Variation of mutual inductance with misalignment between different
Tx and Rx coils when the Rx coil is a conventional coil structure. (a) Square
Rx coil. (b) DD Rx coil along X-direction. (c) DD Rx coil along Y-direction.
(d) Quadrupolar Rx coil.

and REQ can be expressed as

UT =
2
√
2

π
VINV, UR

=
2
√
2

π
VREC, REQ =

8

π2
RL. (3)
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Fig. 9. Variation of mutual inductance with misalignment when the Rx coil
is the proposed coil or the conventional coil. (a) Structure I. (b) Structure II.
(c) Structure III. (d) Structure IV.

At the resonant frequency, according to Kirchhoff’s voltage
law, one can get
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

U̇T =
(
RF + jωLF + 1

jωCF

)
İF − 1

jωCF
İT

0 = − 1
jωCF

İF +
(
RT + jωLT + 1

jωCT
+ 1

jωCF

)
İT

−jωMTRİR
0 = (jωLRA + 1

jωCR
+ jωLRB +RR +REQ

+2jωMRAB)İR − jωMTRİT + 8
√
2

π Von

(4)

TABLE I
COIL SIZE AND NUMBER OF TURNS

in which MTR is the sum of the absolute values of MTRA and
MTRB, namely

MTR = |MTRA|+ |MTRB| . (5)

According to the abovementioned equation, it can be obtained⎧⎪⎨
⎪⎩
IR =

αMTRUT− 8
√
2

π Von√
[RR+REQ+α(ωMTR)

2CFRF]
2
+(2ωMRAB)

2

IT = αCFRF

(
ωMTRIR − UT

ωCFRF

)
, IF = UT

RF
+ IT

ωCFRF

(6)
where α is defined as follows:

α =
1

LF +RTRFCF
. (7)

The output voltage, output power, and the efficiency can be
obtained as

UOUT =

π
2
√
2
αMTRUTREQ − 4VonREQ√

[RR +REQ + α(ωMTR)
2CFRF]

2
+ (2ωMRAB)

2

(8)

POUT =

(
αMTRUT − 8

√
2

π Von

)2

REQ

[RR +REQ + α(ωMTR)
2CFRF]

2
+ (2ωMRAB)

2

(9)

η =
POUT

POUT + I2FRF + I2TRT + I2RRR + 4VonIR
. (10)

It is worth noting that since the system realizes zero voltage
switching (ZVS). The output voltage is proportional to MTR,
as shown by the equation above mentioned. Therefore, for
different types of coils, interoperability, and antimisalignment
performance can be achieved by simply keeping the total mutual
inductance MTR stable and in a reasonable range. Also, the
output voltage, output power, and efficiency are inversely pro-
portional to the cross coupling between the Rx coils. Therefore,
it is necessary to eliminate the cross coupling between the Rx
coils to obtain high output power and efficiency.

III. MAGNETIC DESIGN

A. Proposed Coil Structure

In order to achieve decoupling between the Rx coils, four coil
structures are proposed to be used as the Rx coils, as shown
in Fig. 4, and its design flow is shown in Fig. 5. The specific
parameters and the turn numbers of the coils are shown in Table I.
It is worth noting that the proposed coil is not limited to being
an Rx coil, but can also be used as a Tx coil. There are four
windings LAA, LAB, LBA, and LBB, where LAA and LAB form
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Fig. 10. Simulated and measured mutual inductances with Y misalignment
with different Tx coils. (a) Square Tx coil. (b) DD Tx coil along X-direction.
(c) DD Tx coil along Y-direction. (d) Quadrupolar Tx coil.

Coil A, and LBA and LBB constitute Coil B. NAA, NBB, NAB,
and NBA are the turns of the corresponding windings LAA, LBB,
LAB, and LBA, respectively. Because only the location of the
ferrite affects the mutual inductance between the Rx coils, and
the Tx coil type is independent of this mutual inductance, the
Tx coil is selected as a square coil for this paper to study the
variation of the mutual inductance between the Rx coils with
the misalignment. The variation of the coupling between Coil

Fig. 11. Simulated and measured mutual inductances with X misalignment
with different Tx coils. (a) Square Tx coil. (b) DD Tx coil along X-direction.
(c) DD Tx coil along Y-direction. (d) Quadrupolar Tx coil.

A and Coil B with misalignment for different Rx coil structures
is shown in Fig. 6. As can be seen from Fig. 6, regardless of
the Rx coil structure, the coupling coefficient between Coil A
and Coil B fluctuates somewhat when the coil is misaligned, but
the coupling coefficient is still small enough to be negligible.
Therefore, it can be concluded that the proposed Rx coil structure
can decouple itself.

Without losing generosity, the coil structure in Fig. 4(d),
namely Structure IV, is chosen to study the decoupling. Since the
proposed coil structure consists of four windings, the coupling
between Coil A and Coil B can be split into the couplings among
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Fig. 12. Photos. (a) Experimental prototype. (b) Rx coil. (c) Tx coil.

TABLE II
PARAMETERS OF EXPERIMENTAL PROTOTYPE

the four windings. The coupling between Winding LAA and
Winding LBB is positive, and the coupling between Winding
LAB and Winding LBA is positive, while the coupling between
Winding LBA and Winding LAA is negative, and the coupling
between Winding LAB and Winding LBB is negative. The decou-
pling between Coil A and Coil B can be achieved by reasonably
adjusting the lengths, widths, and turn numbers of the windings.
Take the square Tx coil as an example. The couplings among the
windings are shown in Fig. 7, where k1 and k2 are the coupling
coefficients between Windings LAA and LBB, LBA, respectively,
k3 is the coupling coefficient between Windings LBB and LAB,
k4 is the coupling coefficient between Windings LAB and LBA,
and k is the coupling coefficient between Coil A and Coil B.
Because Windings LAA and LAB form Coil A, the coupling
between them is independent of the coupling between Coil A
and Coil B. The same applies to LBB and LBA. As can be seen

Fig. 13. Calculations and measurements with misalignment for the four
different Tx coils. (a) Output voltage with Y misalignment. (b) Output power
with Y misalignment. (c) DC–DC efficiency with Y misalignment. (d) Output
voltage with X misalignment. (e) Output power with X misalignment. (f) DC–DC
efficiency with X misalignment.
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Fig. 14. Experimental waveforms. (a) Square coil as Rx coil at −120 mm Y misalignment. (b) DD coil along the Y-direction as Rx coil at 40 mm Y misalignment.
(c) DD coil along the X-direction as Rx coil at −40 mm Y misalignment. (d) Quadrupolar coil as Rx coil at 0 mm Y misalignment.

in Fig. 7, decoupling between the two coils can be achieved by
a reasonable design.

B. Interoperability and Antimisalignment Analysis

Fig. 8 illustrates the fluctuation of the mutual inductances
between various Tx and Rx coils with misalignment (using the
Y-direction misalignment as an example) when the Rx coil is a
conventional coil structure, namely the square coil, the DD coil
along the X- or Y-directions, and the quadrupolar coil. Fig. 8
shows that only the same type of the Tx and Rx coils have
couplings when aligned. For different Tx and Rx coil types with
misalignment, only one kind of the three different Tx coils have
couplings with the Rx coil, while the other two kinds have zero
couplings during the entire misalignment range. Meanwhile, it
can be seen that the mutual inductance of the same Tx and Rx
coil types decreases drastically with misalignment.

Since the two windings within one coil are wound in opposite
directions, the proposed coil can have couplings with the four
conventional coils in the central positions in Fig. 1, achieving
interoperability. Use the different coils in Fig. 1 as the Tx coils.
The variation of the total equivalent mutual inductance MTR

between the Tx coil and the four Rx coil structures in Fig. 4
with the Y-direction misalignment is shown in Fig. 9. For a
fair comparison, all Rx coils mentioned herein have the same
size and wire length. As can be seen in Fig. 9(a)–(d), although
Structures I, II, and III can achieve partial interoperability,
either the mutual inductance fluctuates too dramatic or they

cannot achieve interoperability for the four conventional coils
shown in Fig. 1, especially interoperability at the fully aligned
positions. Therefore, Coil Structure IV is chosen as the Rx
coil of the system in this paper. Meanwhile, the comparison
between Figs. 8 and 9(d) shows that the proposed coil structure,
compared with the conventional Rx coil structure, has smooth
mutual inductance fluctuations during the misalignment range,
which ensures its good misalignment tolerance. As a result, it
can retain high efficiency compared with the conventional coil
types. It is noteworthy that the proposed coil structure exhibits
relatively weak coupling as it aims to improve interoperability
and misalignment tolerance.

Figs. 10 and 11 illustrate the variation of the individual
mutual inductance between various Tx and Rx coils with the
misalignment when the suggested Coil Structure IV is used
as the Rx coil. As can be seen from Fig. 10, although the
mutual inductance between Coil A and Coil B in the proposed
coil structure and the Tx coil varies with the Y-direction mis-
alignment, the total equivalent mutual inductance MTR between
the overall Rx end and the Tx coil is limited to a reasonable
range during the misalignment. In contrast, in Fig. 11, although
the mutual inductance varies greatly with the X-direction, the
system does not require much antimisalignment performance in
the X-direction. Thus, the proposed coil structure is expected
to efficiently achieve interoperability for the target four types
of coils. It is worth noting that because different solenoid
coils have similar magnetic fields to the unipolar or bipolar
coils, the proposed coil structure is also expected to achieve
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TABLE III
COMPARISONS WITH EXISTING METHODS

interoperability for the solenoid coils, which can be further
analyzed in the future.

IV. EXPERIMENTAL VALIDATION

An experimental prototype is implemented to validate the
proposal, whose photo is shown in Fig. 12. The parameters of
the experimental prototype are tabulated in Table II. The overall
size of the Tx coil is 300 × 300 mm, the size of the Rx coil is
300 × 400 mm, and the charging distance is 100 mm. The wire
width per turn is 4.25 mm.

For four distinct Tx coils, Fig. 13 illustrates the fluctuation
in the output voltage, output power, and dc–dc efficiency with
misalignment. The estimated values and the experimental values
are in good agreement, which supports the viability of the
suggested proposal. It can be seen that the suggested Rx coil
can transmit power effectively for the four typical Tx coils,
namely the square coil, the DD coil along the X- or Y-direction,
and the quadrupole coil, when the coils are correctly aligned.
The system continues to operate at a high efficiency when a
slight misalignment occurs, demonstrating the capacity of the
suggested coil structure to achieve interoperability. Moreover,
the output power fluctuates with the X-direction misalignment,
but the Y-direction misalignment resistance is noticeably better
than the X-direction, as can be seen from the comparison of
Fig. 13(b) and (e). This is consistent with the reality that in
practice, the Y-direction requires more adjustment and greater
misalignment resistance than the X-direction. In Fig. 13(c) and
(f), the maximum efficiency is 92.49% for the square Tx coil,
90.57% for the DD Tx coil along the X-direction, 90.56% for the
DD Tx coil along the Y-direction, and 87.23% for the quadrupole
Tx coil. The proposed system achieves more than 85% efficiency
with the four conventional Tx coils. In addition, the system
efficiency can be further increased if a better rectifier bridge
and an appropriate load are chosen.

Fig. 14 shows the voltage and current waveforms for different
cases in the experiments. From Fig. 14, it can be seen that the
system can achieve efficient output power when the Rx coil
types are different, so the system is considered to satisfy the
interoperability requirement. The two output voltages will dis-
play different amplitudes with different misalignment distances.
However, because of the two rectifier bridges on the Rx side
being connected in series in this article, the output voltages

are superimposed and the sum of their voltage amplitudes is
roughly equal, so the system is deemed to meet the misalignment
tolerance requirement. Meanwhile, ZVS can be achieved with
the inverter.

The comparisons of this work with existing works are given
in Table III. It can be concluded that the coil structure proposed
in this article can achieve interoperability with the square coil,
the DD coil along X- or Y-directions, and the quadrupole coil,
and has good resistance to misalignment. Therefore, the WPT
system proposed in this article has strong interoperability and
misalignment tolerance capabilities.

V. CONCLUSION

A wireless charging system based on the mutually spliced
DD coils that achieves interoperability and antimisalignment
performance has been proposed in this article. These two re-
ceiving coils are connected in series via the rectifiers on the dc
side, resulting in the total equivalent mutual inductance equal
to the sum of the absolute values of the mutual inductances
between the transmitting coil and the two receiving coils. The
coils are optimized. The interoperability and antimisalignment
performance of the proposed receiver with the four conventional
transmitting coils, i.e., the square coils, the DD coil along
X- or Y-directions, and the quadrupole coil, are evaluated and
tested. The proposed solution can be a competitive solution for
interoperability and misalignment tolerance.
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