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Design of a High Misalignment Tolerance and CV
Output WPT System Using a Secondary Repeater

Yingjie Li , Zhiping Zuo , Fengwei Chen , Chunsen Tang , Jing Xiao , and Shaonan Chen

Abstract—This article is dedicated to improving the misalign-
ment tolerance of a wireless power transfer (WPT) system using
a secondary repeater. To mitigate the drop of mutual inductance
when misalignment occurs, the receiver with a co-axial intermedi-
ate coil is deployed. As such, the proposed system contains three
tuning ratios which correspond to the transmitting, intermediate,
and receiving coils. To facilitate the choice of these parameters, an
efficient tuning technique is proposed. With the proposed tuning
technique, one can conveniently achieve zero voltage switching,
constant voltage output, load power regulation, and suppression of
load voltage fluctuation under coil misalignment. A 500-W experi-
mental prototype is built to verify the effectiveness and superiority
of the secondary intermediate aided (SIA) system. The experimen-
tal results show that within a 80-mm planar misalignment range
(53.3% of the primary coil diameter), the output voltage fluctuation
of the SIA WPT system is within 3%, and the peak dc–dc efficiency
is 86.87%. In the vertical transfer distance range of 30–65 mm (70%
of the standard transfer distance), the output voltage fluctuation is
within 5%, with a peak dc–dc efficiency of 88.27%.

Index Terms—Constant voltage output, intermediate aided coil,
misalignment tolerance, tuning method, wireless power transfer
(WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) has been gaining popu-
larity due to its advantages of high security, high reliabil-

ity, and high flexibility [1], [2], [3], [4]. As a new power transfer
technology, it has been widely applied in robotics, biomedical
implantation, consumer electronics, household appliances, elec-
tric vehicles, and underwater equipment [5], [6], [7], [8], [9],
[10], [11], [12]. In practical applications, the receiver is often lo-
cated on movable electrical devices, making it difficult to achieve
precise alignment between the transmitter and receiver during
the charging process. This misalignment can cause changes
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in their mutual inductance, leading to instability in transfer
power, efficiency, output voltage and current, etc. Therefore,
misalignment tolerance is a crucial indicator for evaluating the
performance of WPT systems.

Numerous methods have been proposed to improve the mis-
alignment tolerance of WPT systems. Several pads, such as
Double-D [13], double-D quadrature pad [14], bipolar pad [15],
and flat solenoid pad [16], have been designed to improve
misalignment tolerance in one direction by creating a uniform
magnetic field. However, these approaches only improve the
misalignment tolerance of the system in one direction, while the
misalignment tolerance in other directions remains unchanged.
To overcome this problem, other pads, such as H-shaped cou-
pler [17], third-coil [18], solenoid and double-D pad [19], and
split flat solenoid coupler [20] have been designed to improve
the misalignment tolerance along the x and y directions by using
multiple coils to compensate for the magnetic field.

To further improve misalignment tolerance, some
compensation topologies, such as a dual-coupled double LCC
compensation, X-type compensation, and PS/S compensation
have been investigated in [21], [22], and [23]. Furthermore, LCL
and CL are connected in parallel on the primary and secondary
sides, and the series inductors of the primary and pick-up LCL
networks, while LCC-S and S-LCC based hybrid IPT topology
using the ISOP structure, have been adopted in [24], [25], and
[26]. Although these topologies improve misalignment tolerance
in multiple directions, they introduce greater complexity into
the system. Meanwhile, the misalignment tolerance can also
be improved by control algorithms. For example, in [27] and
[28], a multivariable control strategy and a variable frequency
controller are presented to improve misalignment tolerance. It
should be noted that, although these control methods are able to
stabilize the system output and improve misalignment tolerance,
they inevitably introduce higher computational burden, and so
are not suitable for implementation on cost-sensitive processors.

Intermediate coils are another way to improve the misalign-
ment tolerance for WPT systems. In [29], two intermediate coils
are placed outside the transmitter and receiver to the coupling
area in x and y directions, but this approach greatly increases
the size of the coupler. In [30], an intermediate coil located
at the transmitter operates in both repeater-aided mode and
power-interactive mode, thereby improving planar misalign-
ment tolerance. However, the additional inverters introduced in
power-interactive mode still significantly increase the overall
size of the system, and the switching between the two modes
makes the control more complicated.
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Fig. 1. Structure of the proposed intermediate aided WPT system.

Fig. 2. Structure of the proposed intermediate aided WPT system.

Considering the challenges of previous technologies, this ar-
ticle considers using a secondary passive co-axial intermediate-
aided coil to improve the misalignment tolerance for a wireless
power transfer system, and a tuning method is proposed to
design an LCC-S-S compensation WPT system. In this system,
the output is influenced by transmitter coil tuning ratio β,
intermediate-aided coil tuning ratio γ, and receiver coil tuning
ratio δ. Specifically, the stability and amplitude of the system
output are influenced by the intermediate-aided coil tuning ratio
γ and the receiver coil tuning ratio δ, while the zero voltage
switching (ZVS) of the inverter is predominantly influenced by
the transmitter coil tuning ratio β. By appropriately designing
the coupler and tuning ratios β, γ, and δ, the system output can
be maximized and remains constant in a large misalignment
range, and ZVS is guaranteed. Compared with the existing
approaches, the proposed approach neither introduces complex
control algorithms and system structures, nor increases the size
of the coupler.

The rest of this article is organized as follows. Section II
introduces the structure of the SIA WPT system and establishes
its model. In Section III, the tuning method using a secondary
intermediate-aided coil is proposed to improve misalignment
tolerance. In Section IV, a 500 W prototype is constructed to
verify the theoretical analysis. Finally, Section V concludes this
article.

II. SYSTEM MODELING AND INTERMEDIATE AIDED COIL

POSITION ANALYZING

A. System Modeling With Intermediate Aided Coil

The WPT system considered in this article is sketched in
Fig. 1, and its equivalent circuit is shown in Fig. 2, with the
parameters in Fig. 2 listed in Table I. The dc power is converted
to high frequency ac power via an inverter composed of Q1–Q4.
Then, this ac power is fed to a parallel resonator composed of Lf

TABLE I
SPECIFICATION OF THE PROPOSED SYSTEM

Fig. 3. Simplified circuit model of the intermediate aided system.

andCf. Subsequently, the voltage onCf is used to transfer power,
which generates ac magnetic field through the transmitting coil
(Tx). This forms the so-called LCC compensation network, in
which Cf is used to match the impedance. Next, the induced
voltage excited by a triple coupling formed between the Tx, the
receiving coil (Rx), and the intermediate aided coil (Ix) located at
the receiver for power transfer. After that, the high frequency ac
induced voltage in the secondary coil is converted to dc voltage
via a rectifier consisting of D1–D4 and supplied to the load. In
this article, misalignment is defined as the positional deviation
between the center of receiver and the center of transmitter as
described in Fig. 1. To reduce reactive power loss and improve
transfer efficiency, compensation capacitors Cr and Cs are con-
nected in series with the Ix and Rx.

To analyze the principle of the SIA WPT system proposed in
this article, the equivalent circuit shown in Fig. 2 is simplified
as Fig. 3. For ease of analysis, the equivalent series resistances
of the coils will be ignored in the rest of the article.

To analyze the impact of each circuit component in the circuit
on the system performance, let us define the following notations:{

Z1 = jωLf , Z2 = 1
jωCf

, Z3 = jωLp, Z4 = 1
jωCp

,

Zr = jωLr +
1

jωCr
, Zs = jωLs +

1
jωCs

+Req.
(1)

According to Kirchhoff’s law, the system can be described by
the following equations:

⎡
⎢⎢⎢⎣
Z1 + Z2 −Z2 0 0

−Z2 Z3 + Z4 + Z2 jωMpr jωMps

0 jωMpr Zr jωMrs

0 jωMps jωMrs Zs

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
İf

İp

İr

İs

⎤
⎥⎥⎥⎦=

⎡
⎢⎢⎢⎣
U̇ac

0

0

0

⎤
⎥⎥⎥⎦

(2)
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where ω is the angular operating frequency. Substituting (1) into
(2), we can obtain⎧⎪⎪⎪⎨

⎪⎪⎪⎩
İf = U̇acB/A

İp = U̇acZ2(ω
2M2

rs + ZrZs)/A

İr = −U̇acjωZ2(MprZs − jωMpsMrs)/A

İs = −U̇acjωZ2(jωMprMrs −MpsZr)/A

(3)

where

A = (ω2M2
psZr + ω2M2

prZs − 2jω3MpsMprMrs)(Z1 + Z2)

+ (ω2M2
rs+ZrZs)(Z1Z2+Z1Z3+Z1Z4+Z2Z3+Z2Z4)

B = ω2(M2
psZr +M2

prZs) + (ω2M2
rs + ZrZs)(Z2 + Z3 + Z4)

− 2jω3MpsMprMrs.

Subsequently, let us define the tuning ratios of the filter
inductance Lf , Tx, Ix, and Rx, as α, β, γ, and δ, respectively.
They satisfy the following relations:{

Z1 + Z2 = αZ1, Z2 + Z3 + Z4 = βZ3,
Zr = γjωLr, Zs = δjωLs +Req .

(4)

Normally, Lf and Cf are operated at the resonant state, indi-
cating that α = 0. Substituting (4) into (3) leads to⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

İf = − U̇acB
jωL2

f A

İp = U̇ac/(jωLf)

İr = − U̇ac[ω(δLsMpr−MpsMrs)−jReqMpr]
jωLfA

İs = U̇ac(MrsMpr − γLrMps)/(LfA)

(5)

where

A = γReqLr + jω(γδLrLs −M2
rs)

B = (ωγβδLpLrLs − jβγLpLrReq − ωβLpM
2
rs

− ωγLrM
2
ps − ωδLsM

2
pr + jM2

prReq + 2ωMpsMprMrs).

The output voltage on the ac side can be expressed as

U̇s = İsReq =
U̇ac(MprMrs − γLrMps)Req

LfA
(6)

while the output power is expressed as

Pout = |U̇s||İs| cos(θ) =
U2

ac(MprMrs − γLrMps)
2R2

eq

L2
f A

2
. (7)

B. Influence of Intermediate Aided Coil Position

In this article, the topology of the system takes the transmitter–
receiver mode, which means that the Ix can be placed either at the
transmitter or the receiver. It should be noted that the placement
of the Ix could greatly affect the performance of the system. In
the following, the output characteristics of the system in the two
configurations will be analyzed.

1) Intermediate Aided Coil Located At Transmitter: When
the Ix is located at the transmitter, the relative position between
the Tx and the Ix is fixed. In this situation, when misalignment
occurs, Mpr remains constant, while Mrs and Mps could vary
with respect to position. For simplicity of analysis, the Tx

Fig. 4. Variation of Is against misalignment when Ix placed at transmitter.

and Ix are designed such that Lp = Lr, Mrs = Mps in perfect
alignment, and Mrs = Mps with misalignment. In this case, İs

can be expressed as

İs =
U̇acMrs(Mpr − γLr)

Lf [γReqLr + jω(γδLrLs −M2
rs)]

(8)

where Is is the amplitude of İs, which is expressed as

Is =
UacMrs|Mpr − γLr|

Lf

√[
γ2R2

eqL
2
r + ω2(M2

rs − γδLrLs)
2
] . (9)

To simplify the analysis of İs when misalignment occurs, let
γ = 0, and Is can be expressed as

Is =

∣∣∣∣ UacMpr

ωLfMrs

∣∣∣∣ . (10)

The variation of Is against misalignment is shown in Fig. 4,
where it can be seen that when δ is in the range [0.3, 1], and Is

cannot remain constant in the considered misalignment range.
This means that when the Ix is placed at the transmitter, the
system’s misalignment tolerance cannot be improved.

2) Intermediate Aided Coil Located At Receiver: When the
Ix is placed at the receiver, the relative position between the
Rx and the Ix is fixed. When misalignment occurs, Mrs remains
constant, whileMpr and Mps could vary with respect to position.
As Uac, Mrs, ω, Lf, δ, and Ls are constant against misalignment,
according to (5), A decouples with misalignment when Ix is
placed at the receiver. To achieve a constant output current Is

against misalignment under the same R
eq

, the following term
should be a constant:

MrsMpr − γLrMps. (11)

Under perfect alignment, the mutual inductance between Tx
and Rx is Mps,0, while the mutual inductance between Tx and Ix
isMpr,0. When misalignment occurs, the variations in mutual in-
ductance are denoted asΔMps andΔMpr, then (11) is expressed
as

Mpr,0Mrs,0 − γLrMps,0 +ΔMprMrs − γLrΔMps. (12)
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Fig. 5. Variation of Is against misalignment when Ix placed at receiver.

To ensure that (11) is constant, we need to further impose

ΔMprMrs − γLrΔMps = 0 (13)

which can be equivalently written as

γLr

Mrs
=

ΔMpr

ΔMps
. (14)

According to (14), when ΔMps and ΔMpr vary linearly, the
value of (11) remains constant throughout the misalignment.
As stated in [18] and [19], it is possible to maintain a linear
relationship between ΔMps and ΔMpr during a misalignment
process. In the case ofΔMps =ΔMpr, the variation of Is against
misalignment is shown in Fig. 5, where it is evident that Is is
a constant value during the misalignment process, therefore the
intermediate coil placed at the receiver can enhance the system’s
misalignment tolerance under certain conditions.

In summary, when the Ix is placed at the transmitter, the output
current Is cannot remain constant. However, by placing the Ix at
the receiver, designing coupler and Ix tuning ratio γ can achieve
constant Is during misalignment. Therefore, in this article, the
Ix will be placed at the receiver, and the method for designing
the coupling mechanism and tuning the coil parameters are
specifically described in the next subsection.

III. TUNING METHOD AND COUPLER ANALYSIS

A. Tuning Method

Generally, coil tuning can reduce reactive power loss and im-
prove transfer efficiency, but the commonly used tuning method
for two-coil system is not applicable to the SIA WPT system.
Therefore, this section will analyze the tuning method specific
to the SIA WPT system.

According to (5), when the Ix is placed at the receiver, the
output current Is on the ac side can be a constant value during
misalignment by designing the Ix and adjusting Ix tuning ratio γ.
The role of δ is to achieve the system’s maximum power transfer
and to decouple the output voltage from the load, while the in-
verter voltage and current phase can be adjusted by modifying Tx
tuning ratio β. The primary objective of this article is to improve
the misalignment tolerance of the WPT system, followed by
achieving constant output voltage, maximizing power transfer,

and ensuring the ZVS state of the inverter. Therefore, in this
article, the primary focus is on the Ix tuning ratio γ, followed by
an analysis of the Rx tuning ratio δ and the Tx tuning ratio β.

1) Design Intermediate Aided Coil Tuning Ratio γ: The Ix
can be designed to operate in inductive, capacitive, or resonant
states, and the system characteristics vary depending on the
state of the intermediate coil. However, the primary objective of
this article is to improve the system’s misalignment tolerance;
therefore, the design of the Ix tuning ratio γ is crucial. Since the
γ is determined by ΔMpr/ΔMps, therefore, before designing γ,
we need to determine ΔMpr/ΔMps.

Based on the previous analysis, the coupler needs to be
designed so that ΔMps and ΔMpr satisfy the following rela-
tionship:

ΔMpr = aΔMps (15)

where a is a constant representing the ratio of the mutual induc-
tance variation ΔMpr/ΔMps during the misalignment process.
With this definition, (14) can be rewritten as

γ = aMrs/Lr (16)

Eq. (5) is further expressed as⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

İf = − U̇acB
jωL2

f
A

İp = U̇ac/(jωLf)

İr = − U̇ac[ω(δLsMpr−MpsMrs)−jReqMpr]
jωL

f
A

İs =
U̇acMrs(Mpr−aMps)

LfA

(17)

where A and B are further expressed as

A = Mrs [aReq + jω(aδLs −Mrs)]

B = aωβδLpLsMrs − ajβLpReqMrs − ωβLpM
2
rs

− aωMrsM
2
ps − ωδLsM

2
pr + jM2

prReq + 2ωMpsMprMrs.

To simplify the analysis, the mutual inductance is equivalently
transformed as follows:

Meq = Mpr − aMps. (18)

2) Design Receiving Coil Tuning Ratio δ: According to (17),
Is can be adjusted by tuning δ to control its amplitude and phase.
The current of the Rx and output voltage, and the output power
Pout are given by

İs =
U̇acMeq

Lf

aReq − jω(Mrs − aδLs)

a2R2
eq + ω2(Mrs − aδLs)

2 (19)

Is =
UacMeq

Lf

√
a2R2

eq + ω2(Mrs − aδLs)
2

(20)

Us =
UacMeqReq

Lf

√
a2R2

eq + ω2(Mrs − aδLs)
2

(21)

Pout = I2s Req =
U2

acM
2
eqReq

L2
f [aReq + jωMrs(Mrs − δLs)]

2 . (22)

According to (20), the Rx tuning ratio δ affects the amplitude
of the current Is for the sameReq. According to (21), both the Rx
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Fig. 6. Variation of Us with different values of δ and Req .

Fig. 7. Variation of Is with misalignment for different value of δ.

tuning ratio δ and Req affect the voltage Us. According to (22),
the Rx tuning ratio δ affects the output power for a given Req

and output voltage Us. To achieve both a constant output voltage
Us and maximum power across different Req, δ must be adjusted
appropriately to maintain a constant output voltage Us and
maximize the amplitude of Is. The variation of Us with different
δ and Req is shown in Fig. 6, where it can be seen that, when
δ = Mrs/(aLs), the output voltage Us remains constant with
different resistanceReq, achieving a constant voltage output. The
variation of Is with δ under different loads is shown in Fig. 7.
From Fig. 7, the amplitude of Is increases and then decreases as δ
increases from 0 to 1. When δ = Mrs/(aLs), the amplitude of Is

reaches its maximum. Therefore, δ should satisfy the following
condition:

δ = Mrs/(aLs). (23)

Fig. 8. Variation of phase angle (θ) against β in alignment.

Subsequently, (17) can be further derived as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

İf =
U̇acM

2
eq

a2L2
f Req

+
U̇ac(M

2
pr−aβMrsLp)

ajωMrsL2
f

İp = U̇ac/(jωLf)

İr =
−U̇acMpr

ajωMrsLf
− U̇acMeq

a2LfReq

İs = U̇acMeq/(aLfReq).

(24)

3) Design Transmitting Coil Tuning Ratio β: After the Ix
tuning ratio γ and the Rx tuning ratio δ have been determined,
we continue to determine the Tx tuning ratio β, which affects
the imaginary part of the inverter output current If according to
(24). The phase angle θ between the output current If and the
output voltage Uac of the inverter can be expressed as

θ = arctan

[
aReq(aβMrsLp −M2

pr)

ωMrsMeq
2

]
180◦

π
. (25)

ZVS can ensure that the voltage across the MOSFET switching
is close to zero during the switching process, thereby avoiding
significant losses caused by the overlap of voltage and current
at the of switching process; and it is affected by voltage and
current phase angle θ, when θ ≤0, the ZVS of the inverter can
be achieved. According to (25), voltage and current phase angle
θ can be adjusted by β.

Fig. 8 shows the variation of the voltage and current phase
angle θ against β in alignment. We can conclude that at the
moment of alignment, when β = M2

pr/(aMrsLp), θ = 0◦, ZVS
can be achieved at this time. However, when β gradually in-
creases from M2

pr/(aMrsLp) to 1, θ gradually increases from 0◦

to 90◦. Generally, in the design process, it is typically required
that 0 ≤ β. Therefore, to achieve ZVS for the inverter, β should
satisfy the condition: 0 ≤ β ≤ M2

pr/(aMrsLp).
Subsequently, according to (25), if Meq is a constant value

during the misalignment process, then Mpr is the only variable
value in this process. Therefore, the variation of θ with mis-
alignment can be expressed as a variation of θ with Mpr. Then
the relationship between the phase angle θ and variable β with
misalignment is shown in Fig. 9, and it can be seen that when
β = 0, the phase angle θ ≤ 0◦. If θ ≤ 0◦, the current phase
lags behind the voltage phase, allowing the MOSFET to achieve
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Fig. 9. Variation of phase angle (θ) against β and Mpr .

zero-voltage turn-ON and enabling the inverter to achieve ZVS.
Therefore, to achieve ZVS of inverter, β should be set to zero
β = 0, and (24) is expressed as

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

İf =
U̇acM

2
eq

a2L2
f Req

+
U̇acM

2
pr

ajωMrsL2
f

İp = U̇ac/(jωLf)

İr =
−U̇acMpr

ajωMrsLf
− U̇acMeq

a2LfReq

İs = U̇acM
2
eq/(aLfReq).

(26)

According to (26), the intermediate coil current is related to
Mpr, Meq, and Mrs; however, Meq and Mrs remain fixed val-
ues, while only Mpr changes during the misalignment process.
Therefore, the intermediate coil current İr will vary with Mpr

during the misalignment process. From (25), the phase between
U̇ac and İs is in phase. Therefore, the phase difference between İr

and İs can be expressed in terms of the phase difference between
İr and U̇ac. The phase angle ϕ between the Ix current İr and the
Rx current İs can be expressed as

ϕ = arctan

(
− aMprReq

ωMrsMeq

)
180◦

π
. (27)

Fig. 10 shows the variation of phase angle ϕ with misalign-
ment. From Fig. 10, as Mpr decreases during the misalignment,
the phase angle ϕ between the intermediate coil current and
voltage of inverter approaches 0 from a negative value.

The output voltage on the ac side of the system described by
(6) can be expressed as

U̇s = İsReq = U̇acMeq/(aLf). (28)

Let k = Meq/(aLf), (28) can be expressed as

U̇s = kU̇ac. (29)

The output power on the ac side of the system described by
(7) can be expressed as

Pout = |U̇s||İs| cos θ =
U2

acMeq
2

a2L2
f Req

. (30)

According to (29), the output voltage U̇s of the system is
independent of the load Req, allowing the system to achieve a
constant voltage output. The ratio of U̇s/U̇ac is k, and the system

Fig. 10. Variation of phase angle (ϕ) against Mpr.

Fig. 11. Design flow of the coils tuning ratio method.

can be considered a transformer with a voltage transformation
ratio of k.

To facilitate the design of tuning ratio parameters, the design
flow of the coils tuning ratio method is summarized in Fig. 11,
which outlines the process for designing the tuning ratios β, γ,
and δ to improve misalignment tolerance of the system, achieve
constant output voltage and maximum power transfer capacity,
and ensure ZVS of the inverter. This design flow simplifies the
process of designing the tuning ratios β, γ, and δ, and some
remarks on this flowchart are as follows.

1) First, analysis the tuning ratio parameter that affects
the system’s misalignment tolerance. Then, optimize this
parameter to ensure that the system output remains con-
stant and independent of misalignment. In this article, this
parameter is γ, and according to (16), let γ = aMrs/Lr.
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Fig. 12. Definition of coil size and structure.

TABLE II
DEFINITION OF COILS PARAMETERS

2) Second, building on the analysis of the first step to improve
the system’s misalignment tolerance, this step analysis the
tuning parameters that affects the system’s output voltage
and power, then optimizes these parameters to ensure that
the output voltage remains independent of the load while
maximizing output power. In this article, this parameter is
δ, and according to (23), let δ = Mrs/aLs.

3) Finally, based on the analysis of the first and second steps,
this step analysis the conditions for achieving ZVS turn-
ON of the system inverter. In this article, β affects the
switching state of the system inverter. To achieve ZVS
throughout the entire misalignment process, β is set to 0.

The system tuning parameters can be calculated simply
by the above three steps, making the calculation simple and
convenient.

B. Coupler and Magnetic Analysis

1) Coupler Design: In the WPT system, the coils are typi-
cally either square or circular. Square coils are symmetric only
in the x and y directions of the plane, while circular coils
are symmetric throughout the entire plane. To achieve high
misalignment tolerance for the system in all directions across
the entire plane, the Tx, Ix, and Rx are all designed as circular
coils. The structure and dimensions of coils are shown in Fig. 12,
and the definition of each parameter is shown in Table II.

The design flow to design a coupler that satisfies (15) is shown
in Fig. 13. This flowchart simplifies the process of developing
the desired coupler. The flowchart can be decomposed into four
steps as follows.

Fig. 13. Design flow of coupling mechanism.

1) First, determine d according to the Tx, Ix and Rx currents.
Then, determine f ,a, dp,h, ds andMps,0 based on practical
requirements.

2) Secondbackslas, design parameters of Tx and Rx for Np

and Ns.
3) Third, design parameters of Ix for dr and Nr.
4) Finally, output the parameters of dr, Np, Nr, Ns, and d.
According to the coupler design flow, a coupler that satisfies

(15) has been designed. The specific parameters of the coupling
mechanism are shown in Table III.

When a = 1, (18) is further derived as

Meq = Mpr −Mps. (31)

Fig. 14 shows the COMSOL finite element simulations and
actual measurements of Lp, Lr, Ls, and Mrs both in alignment
and misalignment. It can be seen that the measured values are
highly consistent with the simulated values. Lp, Lr, Ls, and Mrs

remain constant in the presence of misalignment.
Fig. 15 shows the COMSOL finite element simulations and

actual measurements of Mps, Mpr, and Meq in all planar mis-
alignment directions. There are small errors between simulated
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TABLE III
PARAMETER OF DESIGN COUPLING MECHANISM

Fig. 14. Simulated and measured of Lp, Lr, Ls, and Mrs with planar mis-
alignment.

Fig. 15. Simulated and measured ofMps, Mpr, and Meq with planar misalign-
ment.

and measured values of Mps, Mpr and Meq for the 0–90 mm
misalignment range. These errors are acceptable and within
practical limits. When the fluctuation of Meq remains within ±2
%, the maximum allowable misalignment is 70 mm (46.67% of
the diameter of the Tx), while the fluctuation of Meq remains
within ±3 %, the maximum allowable misalignment is 80 mm
(53.3% of the diameter of the Tx).

Fig. 16 shows the COMSOL finite element simulations and
actual measurements of Mps, Mpr, and Meq in vertical misalign-
ment direction. From Fig. 16, the measured values of Mps, Mpr,
and Meq are almost identical to the simulated values. When
the transfer distance increases gradually from 30–65 mm, Meq

is approximately a constant value, and the fluctuation of Meq

remains within ± 5%. When the transfer distance increases
gradually from 30 to 70 mm, the fluctuation of Meq remains

Fig. 16. Simulated and measured of Mps, Mpr and Meq with vertical mis-
alignment.

within ± 8%. In conclusion, Meq remains constant in all planar
directions and within 30–65 mm transfer distance in the vertical
direction.

Therefore, based on the above analysis, the parameter Meq

remains approximately constant within the horizontal misalign-
ment range of 0–80 mm and the vertical misalignment range of
30–65 mm. From Fig. (15) and (16), a is also approximately
constant within the above misalignment range.

2) Magnetic Analysis: To analyze the physical mechanism
of the proposed method in this article, a magnetic field analysis
is conducted. The magnetic induction components in the x, y,
and z directions at point P (x0, y0, z0) in space generated by the
Tx can be expressed as Bx, By, and Bz⎧⎪⎨

⎪⎩
Bx =

μ0NpIp

4π

∫ 2π

0
z0
r3 y

′dε
By = −μ0NpIp

4π

∫ 2π

0
z0
r3x

′dε
Bz =

μ0NpIp

4π

∫ 2π

0
(y0−y)x′−(x0−x)y′

r3 dε

(32)

where r represents the distance from any point on the Tx to the
pointP (x0, y0, z0) in space, andx, y, ε represent the coordinates
of a point on the Tx

r =

√
(x0 − x)2 + (y0 − y)2 + (z0 − z)2⎧⎪⎨

⎪⎩
x =

dp

2 cos (ε)

y =
dp

2 sin (ε)

ε ∈ [0, 2π].

According to the principle of magnetic field vector superpo-
sition, the resultant magnetic flux density B generated by the
Tx at any point P (x0, y0, z0) in space can be expressed as

B =

⎡
⎣Bx

By

Bz

⎤
⎦ . (33)

The magnetic flux through the Ix and Rx can be expressed as{
Φr = Nr

∫
Sr
B · dAr

Φs = Ns
∫
Ss
B · dAs.

(34)
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Fig. 17. Magnetic flux density distribution.

Fig. 18. Magnetic field distribution. (a) Top view in a well-alignment. (b) Top
view with 80 mm misalignment. (c) Front view with in a well-alignment.
(d) Front view with 80 mm misalignment.

The mutual inductance Mps and Mpr can be expressed as{
Mps =

Φs
Ip

Mpr =
Φr
Ip
.

(35)

When the misalignment occurs, ΔMps and ΔMpr can be
expressed as {

ΔMps =
Φs,0−Φs

Ip

ΔMpr =
Φr,0−Φr

Ip
.

(36)

The distribution of the magnetic flux density B observed on
the plane at z = 50 mm is shown in Fig. 17.

The magnetic field distribution both in a well-aligned condi-
tion and with 80 mm misalignment is shown in Fig. 18(a), (b),
(c), and (d), obtained using COMSOL finite element simulation
software. In Fig. 18(a) and (c), the Ix and Rx are fully coupled
with Tx. In Fig. 18(b) and (d), only the edges of the Ix and the

Fig. 19. Prototype of coupling mechanism. (a) Tx. (b) Ix and Rx.

Fig. 20. 500 W experimental prototype.

Rx are coupled with the Tx. As the misalignment increases, the
coupling area between the Ix and the Tx, as well as between the
Rx and the Tx, becomes progressively smaller. Consequently,
both Mps and Mpr will decrease simultaneously with misalign-
ment. The prototype and size of the designed coupler is shown
in Fig. 19, which shows that the diameter of the Tx, Ix, and Rx
are 150 mm, 140 mm, and 250 mm, respectively. The transfer
distance h is 50 mm.

IV. EXPERIMENTAL RESULTS

A. Experiment and Output Performance

To validate the effectiveness of the proposed SIA WPT sys-
tem, a 500-W experimental prototype has been constructed,
as shown in Fig. 20, and the system parameters are listed in
Table IV. To measure the input/output voltage, current, power,
and system efficiency, a power analyzer (Model: HIOKI
PW8001) is employed in this article.

Fig. 21 shows the experimental waveforms with RL = 3.8Ω
for the inverter output voltage Uac and current If, the rectifier
input voltage Us and current Is, as well as the intermediate
coil current Ir, all in perfect alignment. In Fig. 21, the inverter
output voltage is set to 100 V/div and rectifier input voltage is set
to 50 V/div, while the inverter output current, the intermediate
coil current and the rectifier input voltage and current are set to
15 A/div, 30 A/div, and 30 A/div. From Fig. 21(a), the inverter
output current If lags the inverter output voltage Uac by a certain
phase angle, indicating that the inverter achieves ZVS in a
well-aligned. From Fig. 21(b), the intermediate coil current Ir
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TABLE IV
SYSTEM PARAMETER

Fig. 21. Experimental waveforms in a well-alignment when RL = 3.8 Ω.
(a) the waveforms of Uac, If, Us, and Is. (b) The waveforms of Uac, If, Ir,
and Is.

Fig. 22. Experimental waveforms of Uac, If, Us, and Is with planar misalign-
ment when RL = 3.8Ω. (a) With 20 mm planar misalignment. (b) With 40 mm
planar misalignment. (c) With 60 mm planar misalignment. (d) With 80 mm
planar misalignment.

leads the inverter output voltage Uac by ϕ, the correctness of
theoretical analysis has been verified.

The experimental waveforms withRL = 3.8Ω for the inverter
output voltageUac and current If, while the rectifier input voltage
Us and current Is for 20 mm, 40 mm, 60 mm, and 80 mm
planar misalignments are shown in Fig. 22. As can be seen from

Fig. 23. Experimental waveforms of Uac, If, Ir, and Is with planar misalign-
ment when RL = 3.8 Ω. (a) With 20 mm planar misalignment. (b) With 40 mm
planar misalignment. (c) With 60 mm planar misalignment. (d) With 80 mm
planar misalignment.

Fig. 24. System electrical parameters in a perfect-alignment.

Fig. 22(a), (b), (c), and (d), the inverter output current If lags
the inverter output voltage Uac by a certain phase angle, or the
inverter output current If and the inverter output voltage Uac turn
ON simultaneously, indicating that the inverter achieves ZVS for
all misalignments.

Fig. 23 shows the experimental waveforms with RL = 3.8Ω
for the inverter output voltageUac and current If, the intermediate
coil current Ir, and the rectifier input current Is for 20 mm,
40 mm, 60 mm, and 80 mm planar misalignments. As can be
seen from Fig. 23(a), (b), (c), and (d), the phase angle ϕ between
the intermediate coil current Ir and the inverter output voltage
Uac gradually decreases as the misalignment distance increases,
confirming the correctness of the theoretical analysis.

The electrical parameters at the dc side and the system’s dc–dc
efficiency at the well-aligned is shown in Fig. 24, where Udc1,
Idc1, and P1 represent the system’s input dc voltage, dc current,
and input power, while Udc2, Idc2, and P2 represent the system’s
dc output voltage, dc current, and output power.η1 is the system’s
dc–dc efficiency. It can be seen that the system’s dc input voltage
and current are 100.86V and 5.89A, the dc output voltage and
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Fig. 25. System electrical parameters of Udc, Idc, Uo, and Io with planar
misalignment whenRL = 3.8Ω. (a) With 20 mm planar misalignment. (b) With
40 mm planar misalignment. (c) With 60 mm planar misalignment. (d) With
80 mm planar misalignment.

Fig. 26. System electrical parameters of Udc, Idc, Uo, and Io with vertical
transfer distance when RL = 3.8Ω. (a) With 30 mm vertical transfer distance.
(b) With 40 mm vertical transfer distance. (c) With 60 mm vertical transfer
distance. (d) With 70 mm vertical transfer distance.

output current are 43.14 V and 11.89 A, while the dc–dc transfer
efficiency is 86.43%.

When load resistance isRL = 3.8Ω, the electrical parameters
at the dc side and the system’s dc–dc efficiency for 20 mm,
40 mm, 60 mm, and 80 mm planar misalignments are shown
in Fig. 25. As can be seen from Fig. 25(a), (b), (c), and (d), the
system’s dc input voltage ranges between 100.85V and 100.86V,
while the system’s dc output voltage ranges between 42.71 V
and 44.58 V, and the system’s transfer efficiency ranges between
85.78% and 86.87%.

The output parameters of the SIA WPT system are shown in
Fig. 26 when vertical misalignment occurs with RL = 3.8Ω.
Fig. 26(a), (b), (c), and (d) display the input/output voltage,
current, power, and efficiency at vertical transfer distances of
30 mm, 40 mm, 60 mm, and 70 mm, respectively. Within the

Fig. 27. Output voltage and output voltage fluctuation with planar misalign-
ment.

transfer distance range of 30–70 mm, the system’s dc–dc effi-
ciency remains between 86.43% and 88.27%, while the output
voltage stays between 41.7 V and 46.82 V.

To verify the effectiveness and feasibility of the SIA WPT
system and the proposed tuning method in this article, the mis-
alignment tolerance performance of both the traditional two-coil
system and the SIA WPT system are analyzed under the same
conditions, including coil size, input voltage, output voltage,
transfer distance, and transfer efficiency.

Fig. 27 shows the output voltage and output voltage fluctu-
ation with planar misalignment. The output voltage fluctuation
ratio is defined as follows:

λ =
Uo− max − Uo− min

Uo− max + Uo− min
× 100% (37)

where Uo_max and Uo_min are the maximum output voltage and
the minimum output voltage of system with misalignment.

In well-aligned, the output voltage of the SIA WPT system is
43.14 V. With a 50 mm planar misalignment, the output voltage
increases to a maximum of 45 V, with an output voltage fluctua-
tion ratio λ = 2.58% . At 80 mm planar misalignment (53.3%)
and when the load resistance isRL = 3.8Ω, the output voltage of
the SIA WPT system decreases to a minimum of 42.71V, with
an output voltage fluctuation ratio λ = 2.61% . Moreover, in
the perfect alignment case, the output voltage of the traditional
two-coil system is 45 V. With a 25 mm planar misalignment
and RL = 3.8Ω, the output voltage decreases to 42.7 V, and
the traditional two-coil system output voltage fluctuation is
λ = 2.62% . With a 80-mm planar misalignment, the output
voltage of the traditional two-coil system drops to 27.71V with
the fluctuation of output voltage λ = 23.78%. Compared to the
traditional two-coil system, the planar misalignment tolerance
is increased by 55 mm (36.7% of the transmitter diameter)
indicating that the SIA WPT system significantly improves the
planar misalignment tolerance.

Fig. 28 shows the output power and efficiency of the SIA WPT
system and the traditional two-coil system with planar misalign-
ment when the load resistance isRL = 3.8Ω . In well-alignment,
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Fig. 28. Output power and efficiency against planar misalignment.

Fig. 29. Output voltage and fluctuation ratio of the SIA WPT system against
vertical distance.

the output power of the SIA WPT system is 513 W, and the
dc–dc efficiency is 86.43%. Meanwhile, the output power of the
two-coil system is 513 W, and the dc–dc efficiency is 90.95%.
With a 50-mm planar misalignment, the output power of the
SIA WPT system increases to a maximum of 558.94 W, and
the dc–dc efficiency is 86.14%. With a 80 mm planar misalign-
ment, the output power of the SIA WPT system is 502.83 W,
and the dc–dc efficiency is 85.78%. The output power of the
traditional two-coil system decreases gradually with increasing
planar misalignment. With a 30 mm planar misalignment, the
output power of the traditional two-coil system is 477 W, and the
dc–dc efficiency is 90.68%. With a 80-mm planar misalignment,
the output power of the traditional two-coil system is 187.4 W,
and the dc–dc efficiency is 88.02%. The difference in efficiency
between the SIA WPT system and the traditional two-coil system
is 2.24%.

Fig. 29 shows the output voltage and output voltage fluctua-
tion ratio of the SIA WPT system versus vertical misalignment.
When the vertical transfer distance is 40 mm, the system’s output
voltage reaches a maximum of 46.82 V, while at a distance of

Fig. 30. Output voltage with planar misalignment and load.

Fig. 31. Comparison between theoretical and measured values of k.

70 mm, the voltage drops to a minimum of 41.7 V. The highest
fluctuation occurs at a vertical transfer distance of 70 mm, with
a fluctuation ratio of 5.78%. However, within the transfer range
of 30–65 mm (70% of transfer distance), the system’s output
voltage fluctuations remain within 5%. Therefore, the SIA WPT
system proposed in this article yields a high tolerance to vertical
misalignment.

Fig. 30 shows the output voltage of the SIA WPT system
versus planar misalignment and load resistance RL from 5 Ω to
30 Ω . With a 80 mm planar misalignment and load resistances
RL ranging from 5 Ω to 30 Ω, the output voltage fluctuation is
λ = 2.62% . Over a planar misalignment range of 0–80 mm and
the load from 5 Ω to 30 Ω, the output voltage fluctuation of SIA
WPT system is less than 2.7 V, indicating that the system can
maintain a constant voltage output.

Fig. 31 shows the theoretical and measured values of k against
planar misalignment. Due to the losses in the electronic com-
ponents during the experiment, the experimental value of k is
slightly smaller than the theoretical calculated value. However,
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TABLE V
COMPARISON WITH PREVIOUSLY PUBLISHED WORKS

during the misalignment process, the variation trend of the
measured and the theoretical values remains consistent, proving
that the system can be considered as a transformer with a voltage
transformation ratio of k.

B. Comparison With Existing Research

The comparison results between the SIA WPT system and
previously published works are shown in Table V. This table
highlights several key advantages and contributions of the pre-
sented work. The comparisons in this article are based solely on
the data explicitly reported in the reference articles; any data not
provided are assumed to be unavailable. Compared with [17],
the proposed SIA WPT system improves misalignment range
and accommodates additional misalignment directions.

Compared with [18], a three-coil system structure that em-
ploys square coils is proposed in [18]. By designing the coupler
to satisfy the condition ΔMPS = ΔMTS during misalignment,
the system significantly improves its misalignment tolerance
along both the x-axis and y-axis. If circular coils are further
adopted in this system, it is expected to enhance the misalign-
ment tolerance in all directions within the plane. However, this
aspect was not discussed in [18]. The system is suitable wire-
less charging for electric vehicles. However, in certain specific
applications–such as automated guided vehicle requiring the
transmitting and receiving coils to have identical dimensions–
designing the coupler to satisfy the condition ΔMPS = ΔMTS

can lead to a significant reduction in misalignment tolerance.
In such cases, further designing the coupler to satisfy the con-
dition ΔMPS = aΔMTS can effectively enhance the system’s
misalignment tolerance. The SIA WPT system proposed in this
article effectively overcomes the limitations of the method pre-
sented in [18], improving misalignment tolerance—particularly
in application scenarios where the transmitting and receiving
coils are required to have identical dimensions.

Compared with [21], the proposed SIA WPT system improves
misalignment range and accommodates additional misalignment
directions. Meanwhile, the coupling mechanism and compensa-
tion topology are simpler. Compared with [24], the proposed SIA
WPT system improves misalignment range, and the topology
structure is simpler. Compared with [28], the proposed SIA
WPT system increases the misalignment range and reduces

the size of the coupler. To sum up, compared with previously
published works, the method proposed in this article improves
the system’s misalignment tolerance in any lateral direction
and vertical direction under planar alignment, and reduces the
fluctuation range of the output voltage during the misalignment
process. The system tuning parameter design is simple, with
only the coupler parameters needing to be provided to calculate
the tuning parameters.

V. CONCLUSION

This article has proposed an SIA WPT system with a con-
stant voltage output, introduced a tuning method to enhance
the system’s planar and vertical misalignment tolerance, and
achieve ZVS of the inverter. In this system, the Ix is located at
the receiver and wound in the same direction as the Rx to improve
the misalignment tolerance, and a tuning method for each coil
is proposed. A constant voltage output and high misalignment
tolerance are achieved by adjusting the tuning ratio γ of the Ix.
Additionally, The system’s output current Is can be maximized
while the output voltage Us remains independent of the load,
thereby achieving both maximum power transfer and constant
voltage output by adjusting the tuning ratio δ of the Rx. ZVS
of the inverter is achieved by adjusting the tuning ratio β of the
Tx. Then, a method for designing the coupling mechanism is
proposed based on the system’s requirements. Finally, a 500 W
experimental prototype has been built to validate the feasibil-
ity of the proposed SIA WPT system and the tuning method.
The experimental results show that within an 80 mm planar
misalignment range (53.3% of the primary coil diameter), the
output voltage fluctuation of the SIA WPT system is within
3%, and the peak dc–dc efficiency is 86.87%. In the vertical
transmission distance range of 30–65 mm (70% of the normal
transfer distance), the output voltage fluctuation is within 5%,
with a peak dc–dc efficiency of 88.26%.
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