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Analysis and Design of Antimisalignment IPT
System through Auxiliary Coil Position

Reconstruction for Electric Bicycle Applications
Peng Gu , Member, IEEE, Mingda Gao , Xianrui Zeng , Shibo Wang , and Yijie Wang , Senior Member, IEEE

Abstract—In this article, a wireless charging system architecture
is proposed and designed to charge the receiving coil installed on
the hollow frame of the electric bicycle (EB) body through the
cylindrical charging coils on both sides. Among them, the size of the
transmitting coils is designed and optimized to enhance tolerance
to three-dimensional misalignment. A novel auxiliary coil position
reconstruction (ACPR) method is proposed to actively offset the
misalignment effect by adjusting the position of an auxiliary coil
nested on the primary coil. The parameters of the resonant network
are reconstructed by adjusting the position of the auxiliary coil
when the EBs are parked in a misaligned state. The topology
enables the voltage reconstruction of an equivalent T/S constant
voltage topology, even effectively eliminating the voltage variation
caused by the misalignment with simply moving the auxiliary coil.
A prototype of the proposed system is built. The misalignment
tolerance against output voltage changes in different dimensions
is verified through the proposed ACPR method, efficiency of the
system is demonstrated to be maintained at around 90%.

Index Terms—Auxiliary coil position reconstruction, electric
bicycle application, equivalent compensation topology, magnetic
coupling structure design, wireless charging.

I. INTRODUCTION

W IRELESS charging for various devices through induc-
tive power transfer (IPT) technology greatly facilitates

the energy supply process [1], [2]. IPT technology has been
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widely applied in fields of transportation electrification [3], [4],
[5], [6], smart grids [7], [8], [9], and consumer electronics [10],
[11], [12]. Among them, electric bicycles (EBs) are convenient
for short-distance urban transportation due to their exquisite
structure and functions. EBs have a broad application market
around the world. However, outdoor charging equipment is
usually connected to the EBs through wires. Aging lines, rain,
or snow weather make short circuit faults occur frequently in the
news, and the resulting fires cause huge losses [13]. Therefore,
it is necessary to design wireless charging solutions for EBs to
avoid the above safety hazards.

Scholars have done relevant work on wireless charging solu-
tions for electric bicycles. A closely coupled lumped magnetic
coupler configurations installed within or around a kickstand of
an EB was proposed in [14]. The proposed scheme is experimen-
tally proven to have a misalignment tolerance of ±20-mm range.
A coil tuning mechanism was implemented to suppress the
reverse current in the wireless charger, and a linear closed-loop
control mechanism was proposed to effectively regulate the
output voltage of the EB in [15]. A double coupled wireless
fleet charging system for electric bicycles to provide individual
control of each charging bicycle location using an intermediary
coupler was proposed in [16] to prevent magnetic radiation into
the environment. An IPT system based on variable coil structure
was proposed in [17] to charge EBs. A method for EB wireless
charging by a hybrid topology with two ac switches was pro-
posed in [18]. The constant voltage (CV)/constant current (CC)
mode of the wireless charging system was switched by adjusting
the ON–OFF status of the switches. The position of the receiving
coil of the EBs wireless charging system was analyzed in [19]
to achieve better efficiency, and a simple but robust control
method was proposed in this article. A hybrid topology with
two ac switches and an additional capacitor at receiving circuit
was proposed in [20], the characteristics of CC output and CV
output were obtained by switching the switches for CLC-LCL
topology to CLC topology. In short, most relevant research on
wireless charging technology for electric bicycles focuses on the
two aspects of adaptive magnetic coupling structure design and
charging mode CC/CV switching. Since the parking state of an
electric bicycle is uncertain, it is difficult to align the receiving
side of the EB body and the transmitting side of the charging
device, and the existing research on misalignment tolerance
is not significant [14]. In this way, it is necessary to improve
the misalignment tolerance of EB wireless charging systems
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through the design of inductive couplers and network topology
based on the morphological characteristics of EBs and parking
spaces.

The influence of the mechanical frame has been considered in
the process of wireless charging in some conditions. The metal
influence on the wheel hub of the electric vehicle was weakened
by placing a ferrite core in [21]. A nonmetallic EB wheel material
was used to receive energy through the front wheel of the EB
while eddy current losses were avoided as much as possible in
[22]. Besides, in other fields of wireless charging systems for
transportation vehicles, the influence of mechanical frames on
the systems has also been minimized or ignored to the greatest
extent [23], [24], [25], [26].

It is an effective solution to improve the misalignment tol-
erance of wireless charging systems through the design of
magnetic coupling structures according to different shapes of
electrical devices. For electric vehicle wireless charging ap-
plications, planar-shaped magnetic coupling structures were
proposed to improve misalignment tolerance [27]. On the basis
of the traditional DD-shaped coil and planar solenoid mag-
netic coupling structure with misalignment tolerance, scholars
have made corresponding improvements to further enhance the
misalignment tolerance according to the space characteristics
between the electric vehicle chassis and the charger during
parking wireless charging [28], [29]. In this article, EBs are the
object of research. It is necessary to make adaptive designs based
on the characteristics of EBs parking and charging. A concen-
trated magnetic flux asymmetric magnetic coupling structure
was proposed in [30]. A method to concentrate the magnetic
flux and weaken the demagnetization coefficient through the
ferrite core shaft was proposed in [31]. An I-shaped magnetic
coupling structure was designed in [32] to further concentrate
the magnetic flux and reduce the output side fluctuation. A
cubic magnetic coupler was proposed in [33] that takes into
account both the wide air gap capability and strong misalignment
tolerance for IPT. The wireless charging device in [34] emits a
magnetic field through bar coils and had rotational misalignment
capabilities for autonomous underwater vehicle applications. It
can be known from the above work that the three-dimensional
tube-shaped magnetic coupling structure has excellent ability to
concentrate magnetic flux. Combined with the frame structure
of electric bicycle parking, the transmitting coil can be designed
into a cylindrical structure to concentrate the magnetic flux and
tolerate misalignment. For the receiving coil, the power was
received by assembling the coil in the hollow frame part of the
electric bicycle.

In order to further improve the misalignment tolerance, schol-
ars use theoretical derivation to optimize topological parameters
to achieve dislocation tolerance. In [35] and [36], the conditions
that the output voltage or current is insensitive to the coupling
coefficient and the load resistance were found through modeling
and mathematical derivation methods. A family of hybrid IPT
topologies was proposed to achieve a near load-independent out-
put and high misalignment tolerance for an IPT system in [37].
The above methods of suppressing output fluctuations through
topological parameter design can reduce rather than eliminate
fluctuations. Therefore, it is necessary to eliminate the output
changes caused by changes in the mutual inductance of the

primary and secondary sides by reconstructing the topological
parameters of the resonant network. A method to achieve a
wider range of misalignment tolerance through switching modes
was proposed in [38]. The scholars realize the reconstruction
of system parameters through switches to extend the coupling
range, which is worthy of reference.

Based on the recent researches, a solution to achieve high mis-
alignment tolerance wireless charging through the hollow frame
of the electric bicycle body and parking stands is proposed in this
article. In addition, by proposing a novel auxiliary compensation
coil with a reconfigurable position, an adjustable degree of
freedom is added to counter the changes in mutual inductance
during the misalignment process. The main contributions of this
article are summarized as follows:

1) An IPT system architecture is proposed to wirelessly
charge the receiving coil assembled in the EB hollow
frame through the cylindrical charging coils on both sides.

2) The magnetic coupling structure is analyzed, designed,
and optimized to improve the misalignment tolerance.

3) Most importantly, an ACPR method is proposed to actively
offset the misalignment effect by adjusting the position of
the auxiliary coil and reconstructing the system parame-
ters. In this way, the misalignment tolerance of the IPT
system is fundamentally enhanced.

The rest of this article is organized as follows. The wireless
charging magnetic coupling structure is designed and the param-
eters are optimized using finite element simulation in Section II.
In Section III, the circuit topology of the proposed IPT system
after adding the auxiliary coil is analyzed, and the design process
of the auxiliary coil is illustrated. An experimental prototype is
built and the experimental conclusions are verified in Section IV.
Finally, Section V concludes this article.

II. MAGNETIC COUPLING STRUCTURE DESIGN AND

OPTIMIZATION

A. Proposal of System Architecture and Magnetic Coupling
Structure

An IPT system with simple structure, high integration, and
strong misalignment tolerance is proposed in this article for
application in the energy supply of EBs. The installation position
of the receiving coil should be considered because of the electric
bicycle structure. A charging structure suitable for the hollow
area on the vehicle body is proposed in this article, and the in-
stallation position of the receiving coil can be integrated in A, B,
or C position of an EB, as shown in Fig. 1. The transmitting coils
mounted on the bicycle parking bracket are arranged coaxially
with the receiving coil and placed symmetrically on both sides
of receiving coil.

Based on the abovementioned system architecture, the shape
and size of the transmitting coils and receiving coil need to be
determined first. In order to effectively validate the proposed
charging antimisalignment mechanism and facilitate modeling
and analysis, the receiving coil in this study is designed as a
cylinder with a diameter of 400 mm and a height of 50 mm. The
selected size ensures sufficient coupling area and can better show
the impact of the charging structure layout on the transmission
performance. In practical applications, the coil dimensions can
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Fig. 1. Proposed EBs wireless charging system architecture.

Fig. 2. Simulation model of the magnetic coupler and key design parameters.

be flexibly adapted to the specific geometry of the vehicle frame
and the available cavity space. To enhance the concentration of
the magnetic flux, improve the coupling coefficient, and increase
misalignment tolerance, the transmitting coupler is configured
as two tubular solenoid coils connected in series and positioned
within the parking bracket. The magnetic coupling structure of
the proposed IPT system is shown in Fig. 2.

B. Optimization of the Magnetic Coupling Structure on the
Transmitter Side

According to the magnetic coupling structure in Fig. 2, three
kinds of misalignment occur during EB charging: 1) the lateral
misalignment Δx, 2) the longitudinal misalignment Δy, and 3)
rotation angle misalignment Δα.

In this section, the effects of three kinds of misalignment
on the IPT system are improved by optimizing the parameters
of the transmitting coils. In order to ensure a fair comparison,
the amount of copper used in the transmitting coils are kept
constant and its diameter DP is optimized. Moreover, under the
constraint of a fixed amount of copper, the corresponding coil
height will shorten as the transmitting coil diameter Dp expands
to Dp’, as shown in Fig. 2. Practical engineering factors are taken
into consideration, and excessive coil height is not conducive
to integration. However, an excessively large coil diameter will
also have a magnetic field effect on the surrounding environment.
Therefore, to facilitate integration in public places and minimize
the system’s magnetic field effects on the environment, the DP

range is restricted to 140 mm–350 mm.

The mutual inductance value MPS between the transmitting
coils and the receiving coil is analyzed in ANSYS Maxwell by
the finite element method (FEM). In order to intuitively reflect
the impact of the above misalignment, the mutual inductance
retention rate ΔMPS is defined as

ΔMPS =
Mchange

M0
× 100% (1)

Mchange is the value in the misalignment situation, and M0 is the
value in the alignment situation.

The simulated mutual inductance value MPS changes with
Δx, as shown in Fig. 3(a). As the misalignment distance Δx in-
creases, the mutual inductance MPS gradually increases. There-
fore,ΔMPS generally shows an upward trend. In addition, as the
diameter of the transmitting coil increases, the changing trend
of ΔMPS becomes more obvious. It is worth mentioning that
when DP = 140 mm, compared with the alignment situation, the
variation range of ΔMPS is less than 4%. The excellent lateral
misalignment tolerance of the magnetic coupling structure in the
X-direction is demonstrated.

The simulated mutual inductance value MPS changes with
Δα, as shown in Fig. 3(b). It can be seen that the angular
misalignment trend is consistent with the lateral misalignment
trend. Similarly, as the diameter of the transmitting coil in-
creases, the mutual inductance value MPS gradually increases.
Compared with Fig. 3(a), the change inΔMPS is less significant.
In addition, when DP = 140 mm, the ΔMPS change is within
3.5%, which has excellent angle misalignment tolerance.

The misalignment in the Y-direction is shown in Fig. 3(c).
In actual parking situation, the parking rack can be equipped
with baffles to limit the parking position of EB. Therefore, only
the case of Δy>0 is considered. It can be seen from the figure
that the change trend is different from the above two cases in
Fig. 3(a) and (b), the change of ΔMPS in Y-direction is the most
obvious. As Δy increases, ΔMPS changes slowly at first. When
Δy is greater than 80 mm, ΔMPS decreases rapidly. When the
diameter DP is DP1 = 140 mm, the coupler still has a high
misalignment tolerance. In summary, considering the mutual
inductance change under the three misalignment states, DP is
designed as 140 mm

Φ = BS. (2)

The magnetic field transmission path for Δy = 160 mm
is derived through the FEM to further investigate the impact
of misalignment in the Y-direction on the magnetic coupling
structure, as shown in Fig. 4. It can be seen from formula (2)
that magnetic flux is related to magnetic flux density and area.
In the alignment situation, the magnetic coupling structure has
a uniform magnetic field, as shown in Fig. 4(a). Fig. 4(b) is
in misalignment of the Y-direction, and the effective area for
magnetic field propagation is reduced. Therefore, the coupling
strength between the transmitting coils and the receiving coil is
reduced. In addition, when the diameter of the transmitting coils
is smaller, the effective area is less diminished, and the tolerance
for misalignment is increased.
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Fig. 3. Optimization of magnetic coupling structure parameters. (a) Mutual inductance between the transmitting coils and the receiving coil under the X-direction
misalignment. (b) Mutual inductance between the transmitting coils and the receiving coil under the angle misalignment. (c) Mutual inductance between the
transmitting coils and the receiving coil under the Y-direction misalignment.

Fig. 4. Magnetic vector plot in the Y-direction on transmission path of the IPT
systems. (a) Without misalignment. (b) With misalignment.

III. PROPOSED AUXILIARY COIL TO ENHANCE MISALIGNMENT

TOLERANCE

A. Auxiliary Coil Design and Analysis

In the actual wireless charging process for EBs, the charging
voltage usually needs to be a constant standard dc voltage. There-
fore, a voltage conversion topology is required to achieve CV
characteristics. Although the magnetic coupling structure pro-
posed in the previous Section II can greatly weaken the changes
in mutual inductance caused by misalignment, the remaining
mutual inductance changes will still cause significant changes
in the wireless charging voltage. In order to eliminate voltage
fluctuations caused by misalignment, an auxiliary compensation
coil to further resist misalignment is proposed in this section,
as shown in Fig. 5 yellow part. The effects of receiving coil
misalignment can be eliminated by moving the coil position.

Since the transmitting coupler is designed as solenoid
coils, to facilitate movement, the auxiliary coil is also
designed as a solenoid. In addition, the short transmitting coils
are not conducive to the placement and movement of the aux-
iliary coil. The auxiliary coil is attached to one side of the
transmitting coils and its position can be adjusted to change the
charging voltage. After adding the auxiliary coil, the structure
of the magnetic coupler is shown in Fig. 5. In this configuration,

Fig. 5. Magnetic coupling structure with the novel auxiliary compensation
coil.

LA, L1, L2, and LS are the self-inductances of the four coils,
respectively. MA1, MA2, MAS, M12, M1S, and M2S, respectively,
represent the mutual inductance between coils. The auxiliary
coil self-inductance value LA is much smaller than L1, L2, and
is farther away from the transmitting coil on the other side.
Therefore, MA2 can be considered negligible in circuit.

According to the inductance equivalent decoupling principle,
the total self-inductance LP and mutual inductance MAP, MPS

of the transmitting coils can be expressed as

LP = L1 + L2 + 2M12 (3){
MAP = MA1

MPS = M1S +M2S.
(4)

Therefore, the three mutual inductance parameters in the sys-
tem are MAP, MPS, and MAS. Among them, MPS is only related
to the relative position relationship between the transmitting
coils and the receiving coil, and its value remains unchanged
during the movement of the auxiliary coil. Besides, MAS changes
as the distance between the auxiliary coil and the receiving coil
changes.

MAP can be divided into three parts MI-II, MI–III, MI–IV, as
shown in Fig. 6. MI–III is the mutual inductance between the
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Fig. 6. Position relationship between the auxiliary coil and the transmitting
coil.

Fig. 7. Concentric coils in space coordinate system.

overlapping parts of the two coils in the X-direction. MI-II and
MI–IV are the mutual inductance between two multiturn coils,
and their center distances in the X-direction are (b1+b2)/2 and
(b2+b3)/2, respectively. For MI-II and MI–IV, [39] is referred and
the solution process for MI-II is given as an example.

The specific analytical model is constructed based on the ge-
ometric configuration illustrated in Fig. 7. The O-xyz coordinate
system is established with the geometric center of the auxiliary
coil as the origin. O and O’ are the geometric centers of the
auxiliary coil LA and the transmitting coil L1 part II, and the
geometric center of the transmitting coil part II is located on the
X-axis. r1 and r2 are the radii of the two coils, d12 is the axial
distance between the geometric centers of the two coils, dl1 and
dl2 are the infinitesimals on the two coils, and r12 is the geometric
distance between the two infinitesimals. The position of the
auxiliary coil is fixed, and only the spatial relative position of the
transmitting coil part II is changed for analysis. The geometric
center coordinates of the transmitting coil part II are (d12, 0, 0).

When calculating the mutual inductance between any two
single-turn coils, Neumann’s formula is often used

M =
μ0

4π

∮
l1

∮
l2

d�l1 · d�l2
r12

(5)

where μ0 is the magnetic permeability of vacuum, In the O-xyz
coordinate system, the coordinates of dl1 are (0, r1sinθ, r1cosθ),
the coordinates of dl2 are (d12, r2sinϕ, r2cosϕ), θ, ϕ�[0,2π].
Substituting the above parameters into (5), the mutual induc-
tance between single-turn circular coils can be obtained in this
example. Since this structure can be regarded as a thin-walled
solenoid, the mutual inductance between the single-turn coils is
superimposed in the X-direction, and finally the MI-II expression
is obtained

MI−II =
N1N2μ0r1r2

4π

∫ 2π

0

∫ 2π

0

× cos (θ − ϕ)√
r21 + r22 + d212 − 2r1r2 cos (θ − ϕ)

dθdϕ (6)

where N1, N2 are the number of turns of the auxiliary coil LA and
the transmitting coil L1 part II, respectively. Similarly, the mutual
inductance calculation method of MI–IV can be obtained. When
the auxiliary coil moves on the transmitting coil, the overlapping
part of the two coils is always the length of the auxiliary coil, and
the two coils have uniform turns and no magnetic core inside.
MI–III remains unchanged during the movement. From (6), it
can be analyzed that when d12 approaches 0, the mutual induc-
tance changes rate increases sharply and the solution accuracy
decreases. Therefore, this article uses the method of [40] to
solve MI–III to improve the accuracy, and (7) can be obtained as
follows:

MI−III =
b2

b1 + b2 + b3
× μ0π

HAb2 ln
(

r′1
r1

)
ln
(

r′2
r2

)

×
∫ ∞

0

S(kr1′ , kr1)S(kr2′ , kr2)Q(kHA, kb2)dk

(7)

where r1’ and r2’ are the outer radii of the two coils after
considering the thickness of the coil. After combining MI-II,
MI–III, and MI–IV, the expression of MAP can be obtained

MAP = MI−II +MI−III +MI−IV. (8)

In the process of reconstructing the auxiliary coil position, the
change trends of MAP, MPS, and MAS are shown in Fig. 8. As the
auxiliary coil moves on the transmitting coil toward the receiving
coil, d gradually increases. The mutual inductance MAP first
increases and then decreases. MAP reaches a maximum value
when moving to the center of the transmitting coil. Besides,
MPS remains constant throughout the process and is unaffected
by the movement of the auxiliary coil. In addition, MAS is small
enough in the range of 0–80 mm relative to MAP and the main
mutual inductance MPS of the wireless charging system power
transfer. The relationship between the above parameters lays
the foundation for ignoring the cross-inductance in the circuit
model.
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Fig. 8. Relationship curve between mutual inductance and the moving distance
of the auxiliary coil.

Fig. 9. Overall architecture of antimisalignment IPT system based on ACPR
method.

B. Circuit Modeling and Analysis

The overall architecture of the antimisalignment IPT system is
shown in Fig. 9. The circuit is mainly composed of dc power sup-
ply, load, full-bridge inverter circuit, rectifier circuit, magnetic
coupling structure, and compensation capacitors. Among them,
Udc is the dc voltage source, Uin is the inverter output voltage,
Uout is the rectifier input voltage, and UL is the load voltage.
Q1–Q4 are the MOSFETs of the full-bridge inverter, and D1–D4

are rectifier circuit diodes. CP, CS, CA are the compensation
capacitors for the coils and C0 is the filter capacitor. RA, RP, RS

are the equivalent series resistance (ESR) of the circuits.
The power supply is connected to the auxiliary coil via an

inverter, and the battery is ultimately charged through the receiv-
ing coil and rectifier. When misalignment occurs, the change in
mutual inductance between the receiving coil and transmitting
coils is reflected in the load voltage. The digital signal processing
(DSP) with the sample module on the receiving side samples the
receiving output voltage UL. When the voltage deviates from the
standard charging voltage, the deviation signal is transmitted via
the Bluetooth communication device on the receiving side to
the communication device on the transmitting side. This signal
drives the controller to drive the mechanical transmission device,

Fig. 10. Circuit model of IPT system incorporating auxiliary coil. (a) Circuit
topology of the IPT system. (b) Simplified circuit topology.

and the position of the auxiliary coil is adjusted to achieve
magnetic field reconstruction. Therefore, the change in mutual
inductance can be compensated, and the impact of misalignment
on IPT system parameters can be minimized. Under actual
charging conditions, stable constant-voltage charging of EBs
is achieved.

In order to better demonstrate the antimisalignment principle
of this system, the circuit model incorporating the auxiliary coil
for the IPT system is established in detail, as shown in Fig. 10(a).
The ESR in the three LC series circuit is very low relative to the
reactance value. Therefore, it can be negligible for the circuit
characteristics analysis. According to formula (3) and formula
(4), the transmitting coils L1 and L2 can be integrated as LP

with M12 considered as part of this overall self-inductance, and
the mutual inductances M1S and M2S between the transmitting
and receiving coils on both sides can also be considered as a
whole MPS. Since MA2 is very small, the mutual inductance
MAP between the auxiliary coil and the transmitting coils can
be regarded as MA1. Therefore, the circuit system in Fig. 10(a)
can be described by the following equations:⎧⎪⎪⎨
⎪⎪⎩
Uin = 1

jωCA
Iin + jωLAIin − jωMAP IP − jωMASIout

jωMAP Iin = 1
jωCP

IP + jωLP IP − jωMPSIout

jωMPSIP = 1
jωCS

Iout+jωLSIout−jωMASIin+ReqIout.

(9)

Since the auxiliary coil has a small self-inductance and its
moving range is relatively far away from the receiving coil, the
corresponding coupling coefficient is relatively weak. In Fig. 8,
MAS is several times much lower than MAP and MPS during
the auxiliary coil moving. In order to facilitate the analysis of
the output characteristics of the system, MAS can be neglected.
Based on the circuit model Fig. 10(a) simplified from Fig. 9, the
simplified circuit can be further obtained, as shown in Fig. 10(b),
with the ignorance of MAS. Under this condition, the ideal ac
circuit of the IPT system under this condition is shown in Fig. 11.
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Fig. 11. Ideal AC circuit of the IPT system.

Fig. 12. IPT system based on equivalent T/S compensation topology.

Fig. 13. Circuit model after resonant transformation.

Based on above simplified process, (9) can be transformed as⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Uin=
1

jωCA
Iin+jω(LA−MAP )Iin+jωMAP (Iin − IP )

jωMAP (Iin − IP ) = 1
jωCP

IP + jω(LP −MAP )IP

−jωMPSIout

jωMPSIP = 1
jωCS

Iout + jωLSIout +ReqIout.
(10)

According to (10), the circuit structure shown in Fig. 12 can
be obtained. It can be found the circuit is an IPT system with
equivalent T/S compensation, consisting of a T circuit and an
LC series circuit. In order to reduce reactive power and improve
power transfer efficiency, the circuit is designed to operate under
a resonance state, as shown in Fig. 13. When the circuit is
resonant, the following formula can be applied:

ωLi − 1

ωCi
= 0, i = A,P, S. (11)

According to the resonance conditions of the T-type network
and the LC series network, the circuit parameters can be ex-
pressed as

Z2 = jωLS − j
1

ωCS
= 0 (12)

X1 =
1

ωCA
− ω(LA −MAP )

=
1

ωCP
− ω(LP −MAP ) = ωMAP . (13)

When the resonance condition is met, all reactance in the
system is offset, and the parameters of the circuit system can be
described as

Zin1 =
M2

AP
Req

M2
PS

,Zin2 =
ω2M2

PS

Req
(14)

IP = − Uin

jωMAP
, Iin =

UinM
2
PS

M2
AP

Req
(15)

Uout = −MPS

MAP
Uin. (16)

Among them, Zin1 and Zin2 are the input impedance of each
stage, respectively. Iin and IP are the currents flowing through
the circuit, and Uout is the ac side output voltage. Given that the
position of the auxiliary coil is fixed, Uout only depends on Uin.
The voltage transformation ratio g can be expressed as

g =

∣∣∣∣Uout

Uin

∣∣∣∣ = MPS

MAP
. (17)

In Figs. 12 and 13, the mutual inductance MAP is a variable
inductance marked in magenta in the circuit, and its value
can be changed by moving the position of the auxiliary coil.
The diagonal arrows next to the parameters with MAP items
indicate that the mutual inductance is adjustable [41]. Therefore,
the resonant network parameters can be reconstructed and the
voltage transformation ratio can be adjusted by changing MAP.

In the process of adjusting the position of the auxiliary coil,
maintaining the consistency of the change degree of MAP and
MPS is particularly critical to the system’s ability to maintain
stable charging capability even under misalignment conditions.
In addition, MAS is small enough in the range of 0–80 mm
relative to MAP and the main mutual inductance MPS of the
charging system energy transmission according to the black
curve in Fig. 8. Therefore, the auxiliary coil compensation range
can be selected from 0 to 80 mm. Thus, the impact of MAS can
be minimized and the feasibility of (16) is ensured in practical
applications. Besides, MAP decreases almost symmetrically on
both sides, and a sufficient voltage ratio can be obtained in the
range of 0–80 mm.

It should be emphasized that when the auxiliary coil moves
within the specified range, the change in mutual inductance in
the system is MAP. When the coils are misaligned, the change
in mutual inductance in the system is MPS. Although the mutual
inductance between the transmission coils varies due to their po-
sitional relationship, the corresponding self-inductances LA, LP,
and LS of the coils remain unchanged during operation because
of the unchanged magnetic circuit. Since the capacitors CA, CP,
and CS compensate for the corresponding self-inductances, the
charging system’s resonance is maintained.

In summary, combining the contents of Chapter II and Section
A and Section B of Chapter III, the overall design process of the
magnetic coupler in this article is shown in Fig. 14.
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Fig. 14. Design flow of the proposed magnetic coupler for EBs wireless
charging.

Fig. 15. Diagram of the proposed ACPR method for anti-misalignment EBs
wireless charging system.

C. Auxiliary Coil Position Reconstruction Method for
Antimisalignment

Based on the abovementioned analysis and design, a novel
ACPR method is proposed to improve the misalignment toler-
ance of wireless charging systems. The antimisalignment ad-
justment scheme is shown in Fig. 15. The charging voltage of
the electric bicycle under misalignment is corrected by recon-
structing the position of the auxiliary coil. The key advantages of
the proposed method are its high accuracy against misalignment
and the simplicity of the control strategy.

The working principle of the proposed method is explained
as follows. The wireless charging voltage at the receiver is
monitored during the charging process. Then, the measured
charging voltage is compared with the EB’s preset rated charging
voltage to assess the degree of performance degradation caused
by misalignment. The detected voltage deviation is transmitted
to the transmitter through a communication module and the
executing device is activated for motor transmission by the
controller. The spatial position of the auxiliary coil is dynami-
cally adjusted along the axial direction, effectively resetting the
mutual inductance parameters between the power transmission
coils to compensate for alignment errors. Through this active
regulation mechanism, the charging voltage is stabilized and
power transfer efficiency is restored, allowing the receiver to
continue operating near its optimal performance point even in
the event of coil misalignment.

In summary, a wireless charging system consisting of two
cylindrical transmission coils on both sides with an auxiliary
coil nested within one side of the transmission coils is proposed
in this article, and it demonstrates strong antimisalignment per-
formance in three dimensions: X, Y, and angular. A method
for achieving active antimisalignment by adjusting the position
of the auxiliary coil to reconfigure the circuit topology is the
key in this article. In the field of wireless charging, this method
breaks the limitation of traditional charging solutions that rely on
optimizing the magnetic structure or circuit topology to achieve
passive antimisalignment. At the same time, the simple single
closed-loop control strategy of this solution is more stable and
easier to maintain in actual use compared to other complex
control strategies. The proposed misalignment tolerance im-
provement method provides a flexible solution to the problem of
poor charging capacity caused by complex parking situations of
electric bicycles in actual scenarios. Table I compares the differ-
ences between this article and common misalignment tolerance
solutions to highlight the uniqueness of this article. Among
them, general methods coil design, compensation topology,
and control strategy in the field of misalignment tolerance are
included.

IV. PROTOTYPE CONSTRUCTION AND EXPERIMENTAL RESULTS

An experimental prototype is built to verify the misalignment
tolerance capability of the proposed magnetic coupling structure
and ACPR method in Fig. 16. The system architecture and
parameters correspond to the descriptions in Figs. 9 and 10.
The prototype system is mainly composed of dc power sup-
ply ITECH IT6723H, auxiliary power supply RIGOL DP823,
primary circuit, secondary circuit, magnetic coupling structure,
compensation network, DSP, motor executing device, elec-
tronic load ITECH IT8512A, and oscilloscope KEYSIGHT
DSOX4024G. The parameters of the experimental prototype
system are shown in Table II.

According to the standard charging voltage of EBs, the input
voltage is selected to be 72 V, and the ideal output voltage
is 60 V. Misalignment in all three dimensions is taken into
account, including Y, X, and rotation angles. Therefore, Δy =
0–160 mm, Δx =−20–20 mm and rotation angle misalignment
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TABLE I
COMPARISON OF DIFFERENT METHODS ABOUT ANTIMISALIGNMENT

Fig. 16. Experimental prototype.

TABLE II
MAIN PARAMETERS OF THE PROTOTYPE

Δα = −18°–18° are used as the misalignment situation for the
efficiency experiment.

The efficiency variation against different misalignment posi-
tions (in Y, X, andα directions) and loads is illustrated in Fig. 17.
It can be seen that the efficiency can always be maintained at a
high level, and the minimum efficiency is about 86%, which in-
dicates the high-efficiency characteristics of this system. Among

Fig. 17. Impact of misalignment distance and RL on system efficiency. (a)
Y-direction. (b) X-direction. (c) Angular direction.

Fig. 18. Output voltage curves of the IPT system with alignment, Δy =
160 mm misalignment and ACPR method.

them, under the same load resistance, the misalignment process
will not cause drastic fluctuations in system efficiency.

Based on the abovementioned experiment, the system
voltage-power-efficiency characteristics and the ACPR method
under a large misalignment are verified in Figs. 18 and 19.
Since the impact of misalignment is the most significant in
Y-direction among the three situations, as shown in Fig. 3(a)–(c),
the following experimental analysis only depicts the changes
underΔy= 160 mm dimension to make the experimental results
more intuitive.

The output voltage characteristic curves of the system in three
situations are obtained, as shown in Fig. 18. The experimental
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Fig. 19. Output power and efficiency of the IPT system under different
situations.

results of the output voltage in the alignment situation, mis-
alignment without ACPR method and misalignment with ACPR
method are represented by the red, blue, and magenta curves in
the figure, respectively.

The proposed ACPR method is significantly validated by
the trends of the curves. As the common trend of the three
curves, when the load resistance value is low, the fluctuation
trend of the output voltage with load changes is more obvious.
When the load resistance value increases to a certain extent, the
output voltage approximately exhibits the characteristics of a
CV source. First, when the receiving coil is aligned, the voltage
change trend is shown in the red curve. In addition, the output
voltage in the misalignment situation without ACPR method is
significantly reduced compared to the alignment situation, as
shown in the blue curve. After this, the position of the auxiliary
coil is reconstructed and the voltage drop is compensated. At
this time, the impact of misalignment on the output voltage can
be almost eliminated by adjusting the position of the auxiliary
compensation coil, as shown in the magenta curve.

The efficiency and power graphs for alignment, misalignment,
and ACPR method are completed synchronously, as shown in
Fig. 19. The changing trend of efficiency is represented by a
dotted curve, and the output power is represented by a his-
togram. Power and efficiency are distinguished in this figure by
blue and red, corresponding to the left and right vertical axes,
respectively. According to the trend of the above experimental
results, the output power of the system will be reduced in the
misalignment situation. Compensating by moving the auxiliary
coil eliminates the effect of misalignment on power. The system
efficiency under the three conditions of alignment, misalignment
and ACPR method fluctuates slightly. The voltage drops caused
by misalignment will cause a sudden drop in output power.
However, under the ACPR method, the system power is also
restored. In addition, the system efficiency remains above 90%
in a wide range, and when the load is 70Ω, the maximum system
efficiency reaches 91.18%.

The power loss distribution of the IPT system at the max-
imum efficiency point is shown in Fig. 20. The losses of the
proposed IPT system are divided into the following parts [48],

Fig. 20. Power loss distribution of the IPT system.

[49]. Rectifier circuit losses Prec, inverter circuit losses Pinv,
and equivalent resistance losses PCu in the system. Rectifier
circuit losses Prec and inverter circuit losses Pinv are caused by
uncontrolled diodes and MOSFET switches, respectively. Based
on the rectifier and inverter device models, Prec and Pinv can be
calculated as follows:

Prec = 2

(
2
√
2

π
UDioIout +RDioI

2
out

)
(18)

Pinv = 2RMOSI
2
in. (19)

Among them, RDio and RMOS are the ON-resistance of the
rectifier diode and MOSFET, respectively, and UDio is the forward
conduction voltage drop of the rectifier diode.

The copper loss PCu of this IPT system includes two parts,
one is the loss PW caused by the wire ESR, and the other is the
loss PC generated on the capacitor

PW = I2inRWA + I2PRWP + I2outRWS (20)

PC = I2inRCA + I2PRCP + I2outRCS (21)

where RWA, RWP, and RWS are the sum of the ESR in the
auxiliary coil, transmitting coils, and receiving coil loops, re-
spectively. RCA, RCP, RCS are the equivalent resistance of the
capacitors in the corresponding loops, respectively.

Therefore, the components and proportions of Ploss are as fol-
lows. Rectifier loss Prec and inverter loss Pinv account for 2.37%
and 2.09%, respectively, the equivalent resistance loss PW of the
circuit accounts for 2.83%, and the equivalent resistance loss PC

of the compensation capacitor accounts for 1.53%. Thus, the
wireless power transfer with high efficiency is achieved.

The ac and dc waveforms of the magnetic coupler in alignment
when the load is 50Ω, 70Ω, and 130Ω are shown in Fig. 21. It can
be seen that the phase of Uin is slightly ahead of Iin, the phases
of the fundamental wave components are basically consistent.
The zero phase angle input is realized, and the resonance state is
reached. In addition, the ac current waveform will be distorted by
the equivalent T/S/compensation topology. Due to the influence
of harmonics, the waveform of the input dc current in Fig. 21(b),
(d), and (f) has certain fluctuations.

The dynamic response process of the output voltage and
current of this IPT system under the load of 70 Ω is visually
displayed in Fig. 22. The output voltage drops from 61.51 V
to 53.30 V because of misalignment. The deviation between
the output voltage and the rated output voltage is detected in
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TABLE III
COMPARISON WITH SIMILAR WORKS IN RECENT YEARS

Fig. 21. Waveform of IPT system under alignment conditions. (a) AC wave-
form when Udc = 72 V, RL = 50 Ω. (b) DC waveform when Udc = 72 V,
RL = 50 Ω. (c) AC waveform when Udc = 72 V, RL = 70 Ω. (d) DC waveform
when Udc = 72 V, RL = 70Ω. (e) AC waveform when Udc = 72 V, RL = 130Ω.
(f) DC waveform when Udc = 72 V, RL = 130 Ω.

misalignment situation, and the motor is driven by the deviation
signal to change the spatial position of the auxiliary coil to
reconstruct the system parameters. The output voltage rises
back to 60.45 V and the voltage inaccuracy caused by the
misalignment can be completely eliminated.

Furthermore, Table III is a comparison of the high
misalignment-tolerant EBs wireless charging system based on
the auxiliary coil position-reconfigurable resonant network and
other typical EBs wireless charging systems in recent years.
Compared with the work in [15], [16], and [18], the system in
this article exhibits higher misalignment tolerance in multiple
directions, lower system design complexity, and a simple control

Fig. 22. Dynamic response waveform of proposed IPT system when Udc =
72 V, RL = 70 Ω.

scheme, demonstrating obvious advantages in the field of EBs
charging. Compared with the work in [14], [15], [16], and
[18], only four solenoid coils are used in this article, without
additional ferrite cores, thus reducing both the weight and cost
of the system. The solution of wireless charging through the
hollow frame of electric bicycle is proposed by the system of this
article. In addition, the proposed novel auxiliary compensation
coil to improve the constant voltage charging capability of EBs
is proposed for the first time, and the purpose of antimisalign-
ment is achieved by changing the system resonance network
parameters. In summary, the work proposed in this article has
strong engineering practicability and application prospects.

V. CONCLUSION

A wireless charging system architecture composed of a receiv-
ing coil assembled in the hollow frame of electric bicycle and a
transmitting coil integrated into the parking bracket is proposed
in this article. The proposed magnetic coupling structure has
misalignment tolerance in three dimensions including axial,
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longitudinal, and angular directions. Misalignment tolerance is
further improved by optimizing the parameters of the cylindrical
solenoid transmitting coil. A novel auxiliary compensation coil
is embedded on the transmitting coils. The auxiliary compensa-
tion coil, transmitting coils, and receiving coil are compensated
by series capacitance. The circuit model of the system is built, an-
alyzed, simplified, and transformed. An equivalent T/S resonant
network with constant voltage output characteristics is obtained.
By adjusting the position of the auxiliary coil with a motor
executing device, the change in mutual inductance between the
transmitting and receiving coil can be counteracted after the
receiving coil is misaligned. The voltage transformation ratio
regains the expected target through the reconstructed resonant
network parameters by the ACPR method. A prototype platform
simulating wireless charging for EBs is built. The system’s
strong anti-misalignment capability is verified, and its efficiency
is consistently maintained a high level around 90%.
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