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A Self-Oscillation WPT System With High
Misalignment Tolerance

Zhihao Wei , Bo Zhang , Fellow, IEEE, Shan Lin , and Chunfang Wang , Member, IEEE

Abstract—High misalignment tolerance is vital in the applica-
tion of wireless power transfer (WPT) system. In this article, a
self-oscillation WPT system with high misalignment tolerance is
presented. Under the condition that the compensation equation is
satisfied and the input impedance is pure resistance, the output
of the S/PS topology WPT system is independent of the coupling
coefficient. This article adopts the self-oscillation control method
to ensure that the input impedance is pure resistance, so that the
fluctuation of the system output is small with the change of the
coupling coefficient. Moreover, a parametric design method that
can satisfy the design requirements of transmission distance, mis-
alignment, and output voltage is proposed. To deduce the analytical
solution of the proposed WPT system, an equivalent coupled-mode
method is presented in this article. Finally, the experimental results
indicate that when the distance is 20.0 cm and the misalignment is
less than 14.9 cm, the output voltage and efficiency of the system
remain almost unchanged.

Index Terms—Coupling coefficient, high misalignment
tolerance, self-oscillation, wireless power transfer (WPT).

NOMENCLATURE

Lt Inductance of the transmitting coil.
Lr Inductance of the receiving coil.
Ct Compensation capacitance on the transmitting side.
Cr Series compensation capacitance on the receiving side.
C1 Parallel compensation capacitance on the receiving side.
Mtr Mutual inductance.
ω Working angular frequency.
Rt Equivalent series resistance of the transmitting coil.
Rr Equivalent series resistance of the receiving coil.
-RN Negative resistance.
RL Equivalent ac load resistance.
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Ro DC load resistance.
It Current through the transmitting coil.
Ir Current through the receiving coil.
IL Current through the equivalent ac load resistance.
Zin Input impedance.
Uin Output voltage of the inverter.
UL Equivalent ac output voltage.
η Transmission efficiency.
Po Output power.
f Working frequency.
k Coupling coefficient.
kc Critical coupling coefficient.
kmin Minimum coupling coefficient for system operation.
fW Working frequency in the weak coupling region.
fH High frequency.
fM Medium frequency.
fL Low frequency.
fd Detected frequency.
ωH Working angular frequency corresponding to fH.
ωL Working angular frequency corresponding to fL.
G(s) Transfer function of inverter output current to inverter

output voltage.
ULH AC output voltage corresponding to fH.
ULM AC output voltage corresponding to fM.
ULL AC output voltage corresponding to fL.
ηH Transmission efficiency corresponding to fH.
ηM Transmission efficiency corresponding to fM.
ηL Transmission efficiency corresponding to fL.
γ Ratio of C1 to Cr.
Dr Diameter of the coil.
μ0 Vacuum permeability.
KN Coefficient of space spiral coil.
N Number of turns of the coil.
h Height of the coil.
D1 Diameter of the wire.
p1 Turn pitch.
RLeq Equivalent resistance of the receiving side circuit.
Creq Equivalent capacitance of the receiving side circuit.
at Energy mode of the transmitting side circuit.
ar Energy mode of the receiving side circuit.
At Amplitude of the energy mode of the transmitting side

circuit.
Ar Amplitude of the energy mode of the receiving side

circuit.
θt Phase of the energy mode of the transmitting side circuit.
θr Phase of the energy mode of the receiving side circuit.
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ωt Natural resonance angular frequency of the transmitting
side circuit.

ωr Natural resonance angular frequency of the receiving
side circuit.

gt Total gain rate of the transmitting side circuit.
τ r Total loss rate of the receiving side circuit.
τ tt Inherent loss rate of transmitting side circuit.
κ Coupling rate.
Uo DC output voltage.
Uoset Design value of output voltage.
VDC DC input voltage.
d Transmission distance.

I. INTRODUCTION

W IRELESS power transfer (WPT) system has extensive
application prospects in autonomous underwater vehi-

cles [1], [2], [3], [4], electric vehicles [5], [6], [7], [8], [9],
implantable devices [10], [11], [12], [13], automatic guided
vehicles [14], [15], [16], [17], [18], [19], electric bicycles [20],
[21], [22], and other occasions. However, coil misalignment
is inevitable in these applications. For instance, it is difficult
for the driver to park the electric vehicle at the charging point
accurately, and its coils will be misaligned. In addition, due to
the presence of waves, the relative position between the coils in
the autonomous underwater vehicles constantly varies, which
causes the coils to always fail to align. The output voltage
and efficiency of the WPT system are generally sensitive to
misalignment, that is, when the coils are misaligned, the output
voltage and efficiency of the system will change [23], [24].
The weak spatial freedom will limit the development of WPT
technology.

In order to improve the misalignment tolerance of the system,
there are mainly the following methods.

1) Optimizing the structure of the magnetic coupler [25],
[26], [27]. This method improves misalignment tolerance
by reducing the change in mutual inductance when coils
are misaligned. A split flat solenoid coupler is presented in
[25], and the magnetic coupler heightens the lateral mis-
alignment tolerance. Besides, this literature proposes an
optimization approach for the split flat solenoid coupler to
achieve a good balance between misalignment tolerance,
cost, and coupling. In [26], a magnetic coupler with series
double D pads and solenoid is presented. The coupler not
only enhances the lateral misalignment tolerance, but also
improves the longitudinal misalignment tolerance. Zhao et
al. [27] propose a family of hybrid WPT magnetic coupler,
which combines a BP coupler and an S/S topology to
achieve an equivalent coupling coefficient with a small
variation tendency, thus realizing high misalignment tol-
erance. This method has misalignment tolerance only in
some directions, not all directions. Moreover, the output
and efficiency of this method fluctuate significantly when
the coil is offset.

2) Optimizing system parameters [28], [29], [30], [31]. Mai
et al. [28], Wang et al. [29], and Zhu et al. [30] pro-
pose a method for designing system parameters with

high misalignment tolerance, and this method designs
the system to work near the extreme point. When the
coupling coefficient changes near the extreme point, the
system output fluctuates less, thus improving the mis-
alignment tolerance. Wang et al. [29] also points out that
if the parameters of the compensation circuit are prop-
erly designed, all compensation topologies with parallel
compensation components on the receiving side have a
strong misalignment tolerance capability. A method for
optimizing the compensation capacitor is proposed in [31],
which improves the impedance characteristics and thus
enhances the lateral misalignment tolerance. The output
and efficiency of this method fluctuate greatly when the
coil is offset. Besides, this method will introduce a large
amount of reactive power and reduce the efficiency of the
system.

3) Novel topological structures [32], [33], [34], [35]. A series
hybrid topology is proposed in [34]. When the coil is
offset, the output characteristics of the two topologies
are opposite, thereby reducing output fluctuations and
enhancing misalignment tolerance. Qu et al. [35] propose
a WPT system with dual coupling inductor-capacitor-
capacitor and series compensation. The main coil and
the compensation coil are integrated as two decoupling
coils, while they are both coupled with the receiving
coil. When the coil is offset, the two mutual inductances
between the two decoupling coils on the transmitting side
and the receiving coil have opposite effects on the output
power, so that the output power remains basically stable.
This method requires many passive components, which
increases the cost of the system. In addition, the system
cannot implement zero phase angle (ZPA).

4) PT-symmetry principle [36]. When the system remains
unchanged under the joint parity and time reversal op-
erations, the system is PT-symmetry. The output and
efficiency of the PT-symmetric WPT system in the PT-
symmetric region are independent of the coupling coef-
ficient, and it has a strong misalignment tolerance capa-
bility. However, only a few topological WPT systems are
PT-symmetry.

The self-oscillation control strategy can achieve better dy-
namic response and adaptability and has attracted more and more
attention. Wu et al. [37] proposed a self-oscillation controller
based on pulse width modulator. The switching frequencies of
the transmitting side inverter and the receiving side rectifier
could be synchronized with the resonant currents of the transmit-
ting side and the receiving side, respectively, so as to realize the
self-oscillation control with tolerance and fast response to the
compensation parameter error. Yan et al. [38] proposed a self-
oscillation control strategy for series–series type WPT system.
By detecting the current phase of the receiving side to control
the inverter on the transmitting side, better output controllability,
dynamic response, and adaptability can be achieved. Ren et
al. [39] proposed a self-oscillation WPT system with a delay
in the feedback loop on the transmitting side and proposed
a delay iteration method for self-tuning of the self-oscillation
frequency. The disturbance observation method can be used
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Fig. 1. Circuit diagram of the proposed WPT system.

to tune the system parameters with an adjustable capacitor on
the transmitting side while the frequency is self-tuning, and the
synchronous tuning method here is stable and accurate.

Therefore, to address the abovementioned problems and en-
hance the misalignment tolerance, this work proposes a self-
oscillation WPT system with S/PS compensation topology. The
output voltage and efficiency of the proposed system in the
strong coupling region are insensitive to the coupling coeffi-
cient. Therefore, the proposed system has a high misalignment
tolerance in all directions. Furthermore, the proposed system
uses the self-oscillation control method to achieve negative
resistance, and the system has a unity power factor and high
system efficiency. Simultaneously, the proposed system has a
simple topology, requires fewer passive components, and has a
low cost.

The main contributions of this article are as follows.
1) A self-oscillation WPT system with high misalignment

tolerance is presented. The output voltage and efficiency
of the S/PS topology WPT system in the strong coupling
region are not sensitive to the coupling coefficient under
the condition that the compensation equation is satisfied
and the input impedance is pure resistance. Besides, a
parameter design method is proposed, which can meet the
design requirements of transmission distance, misalign-
ment, and output voltage.

2) The traditional coupled-mode method can only model
and analyze the first-order compensation topology WPT
system. This article proposes an equivalent coupled-mode
method that can establish the model of the higher-order
compensation topology WPT system.

The rest of this article is organized as follows. In Section II,
the self-oscillation WPT system is modeled and analyzed. In
Section III, an equivalent coupled-mode method is proposed to
obtain the analytical solution of the S/PS compensation topology
WPT system. The theoretical results are evaluated experimen-
tally in Section IV. Finally, Section V concludes this article.

II. ANALYSIS OF THE PROPOSED SYSTEM

A. System Model

The circuit diagram of the proposed WPT system is illustrated
in Fig. 1. The self-oscillation control method is adopted in the
proposed system. The output voltage and output current of the
inverter have the same phase, and the inverter is equivalent to

the negative resistance. Hence, the system can be represented by
the following equation:⎡
⎢⎢⎣
−RN +Rt +

1
jωCt

+ jωLt jωMtr 0

jωMtr jωLr+Rr
1

jωCr
+RL

0 − 1
jωC1

1
jωC1

+ 1
jωCr

+RL

⎤
⎥⎥⎦

×
⎡
⎣ İt
İr
İL

⎤
⎦ =

⎡
⎣00
0

⎤
⎦ . (1)

Here, Lt and Lr represent the transmitting coil and the re-
ceiving coil respectively. Ct, Cr, and C1 are compensation
capacitors. They satisfy the compensation equation 1/

√
LtCt =

1/
√
Lr(Cr + C1). Rt and Rr are the equivalent series resis-

tances of the transmitting coil and the receiving coil, respec-
tively. Mtr indicates the mutual inductance, and ω represents
the working angular frequency. −RN and RL are the negative
resistance and the equivalent ac load resistance respectively. İt,
İr, and İL indicate the current through the transmitting coil, the
current through the receiving coil, and the current through the
equivalent ac load resistance, respectively.

From (1), the ratio of the system output current to the inverter
output current can be deduced

IL
It

=
Mtr

C1

√
X1

(2)

where X1=(Lr/C1 + Lr/Cr +RrRL − 1/ω2CrC1)
2
+

[−Rr/ωCr + ωLrRL − (Rr +RL)/ωC1]
2.

The input impedance of the system is as follows:

Zin = Rt + jωLt +
1

jωCt
+

ω2M2
tr

Rr+jωLr +
(

1
jωCr

+RL//
1

jωC1

) .
(3)

When the system adopts the self-oscillation control method,
the imaginary part of the input impedance is zero. At this time,
the following equation can be derived from (3):(

ωLt − 1

ωCt

)
− ω2M2

tr (ωLr −X3)

(Rr+X2)
2 + (ωLr −X3)

2 = 0. (4)

Here, X2 = RLC
2
r/[ω

2C2
rC

2
1R

2
L+(Cr + C1)

2] and X3 =

(Cr + C1 + ω2C1C
2
rR

2
L)/[ω

3C2
rC

2
1R

2
L + ω(Cr + C1)

2].
On the basis of (3), the negative resistance can be expressed

as

−RN = −Rt −
(Rr+X2)

(
ω2LtCt − 1

)
ω2LrCt − ωCtX3

. (5)

The output current of the inverter can be described as

It =
Uin

Rt+
(Rr+X2)(ω2LtCt−1)

ω2LrCt−ωCtX3

(6)

where Uin is the output voltage of the inverter.
Based on (2), (4), and (6), the output current of the system

can be derived, and then the equivalent ac output voltage of the
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TABLE I
COMPARISON OF THE TRANSMISSION CHARACTERISTICS OF FOUR SELF-OSCILLATION WPT SYSTEMS WITH BASIC TOPOLOGIES

Fig. 2. Curve of the working frequency versus the coupling coefficient.

system can be obtained

UL=

UinRL

√[
(Rr+X2)

2 + (ωLr −X3)
2
]
(ω2LtCt − 1)

ωC1RN

√
X1 [ω2LrCt − ωCtX3]

.

(7)
The transmission efficiency of the system can be expressed as

η =
U2
L

I2t RL

(
Rt+

(Rr+X2)(ω2LtCt−1)
ω2LrCt−ωCtX3

) . (8)

The curve of the working frequency f versus the coupling
coefficient k can be drawn according to (4), as shown in Fig. 2.
The parameters adopted in Fig. 2 are the same as those in
Table II. The working frequency is f = ω/2π, and the relation-
ship between the coupling coefficient and the mutual inductance
is k = Mtr/

√
LtLr. It can be observed from Fig. 2 that when the

coupling coefficient is less than the critical coupling coefficient
kc (weak coupling region), the working frequency has a real
solution as fW. When the coupling coefficient is greater than
the critical coupling coefficient kc (strong coupling region),
the working frequency has three real solutions, namely high

TABLE II
EXPERIMENTAL PARAMETERS OF THE PROPOSED SYSTEM

frequency fH, medium frequency fM, and low frequency fL, but
only the high frequency fH and low frequency fL are stable.

B. Stability Analysis

The frequency stability is analyzed by Hamel locus method
[39]. The transfer function of inverter output current to inverter
output voltage is:

G (s) =
It (s)

Uin (s)
=

c4s
4 + c3s

3 + c2s
2 + c1s

b5s5 + b4s4 + b3s3 + b2s2 + b1s+ b0
(9)

where b5=RLLtLrCtC
2
rC1−M2

trRLCtC
2
rC1, b4=RLRtLr

CtC
2
rC1 + LtLrCtC

2
r + LtLrCtCrC1 +RLRrLtCtC

2
rC1 −

M2
trCtC

2
r −M2

trCtCrC1, b3 = RtLrCtC
2
r +RtLrCtCrC1

+RrLtCtCrC1 +RLLrC
2
rC1 +RrLtCtC

2
r +RLRt

RrCtC
2
rC1 +RLLtCtC

2
r , b2 = RtRrCtC

2
r +RLRrC

2
rC1 +

LtCtCr +RtRrCtCrC1 +RLRtCtC
2
r + LrC

2
r + LrCrC1,

b1 = RtCtCr +RrC
2
r +RrCrC1 +RLC

2
r , b0 = Cr, c4 =

RLLrCtC
2
rC1, c3 = RLRrCtC

2
rC1 + LrCtC

2
r + LrCtCr

C1, c2 = RrCtC
2
r +RrCtCrC1 +RLCtC

2
r , c1 = CtCr.
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Fig. 3 Hamel locus of the inverter output current. (a) Strong coupling region.
(b) Weak coupling region.

The unit step response of G(s) can be derived by the inverse
Laplace transform

g (t) = L−1

[
G (s)

s

]
. (10)

The time domain expression of the inverter output current is

it (t) =
πUin

2
√
2

[ ∞∑
n=0

g (t+ nT )−
∞∑

n=1

g

(
t− T

2
+ nT

)]
.

(11)
The Hamel locus equation can be described as⎧⎪⎨

⎪⎩
H (f) = it

(
1
2f

)
Hd (f) =

dit(t)
dt

∣∣∣
t= 1

2f

. (12)

The Hamel locus of the inverter output current is shown in
Fig. 3. Fig. 3(a) describes the Hamel locus of the inverter output
current in the strong coupling region, and the coupling coeffi-
cient in the figure is 0.2. Other parameters are the same as those
in Table II, and the critical coupling coefficient of the system
at those parameters is 0.0444. At this time, the system works
in the strong coupling region. The direction of the arrow in the
figure represents the direction in which the frequency increases.
Along the direction of increasing frequency, the trajectory goes
through y = 0 from bottom to top, and the intersection with y =
0 is on the negative x-axis, then the intersection, in this case, is
stable.

Fig. 4. Output voltage curve of the proposed system. (a) Three-dimensional
curve. (b) Side view.

It can be seen from Fig. 3(a) that when the system works in
the strong coupling region, there are three intersections between
the trajectory and y = 0, which correspond to high frequency
fH, medium frequency fM, and low frequency fL, respectively.
According to the above analysis, the system is stable at fH and
fL, and unstable at fM.

The Hamel locus of the inverter output current in the weak
coupling region is depicted in Fig. 3(b). The coupling coefficient
in the figure is 0.02, and the system operates in the weak
coupling region. As can be observed from Fig. 3(b), when the
system works in the weak coupling region, there is only one
intersection between the trajectory and y= 0, which corresponds
to frequency fW, and the system is stable at fW.

C. Transmission Characteristics

The output voltage curve of the proposed system is described
in Fig. 4. Fig. 4(a) is the three-dimensional curve of output volt-
age, coupling coefficient, and working frequency, and Fig. 4(b) is
the side view of the three-dimensional curve. When the coupling
coefficient is less than the critical coupling coefficient, the output
voltage of the system varies with the coupling coefficient. When
the coupling coefficient is greater than the critical coupling
coefficient, the output voltage corresponding to high frequency
fH is ULH, the output voltage corresponding to medium fre-
quency fM is ULM, and the output voltage corresponding to
low frequency fL is ULL. ULH and ULL are stable, and ULM
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Fig. 5. Efficiency curve of the proposed system. (a) Three-dimensional curve.
(b) Side view.

is unstable. The output voltages ULH and ULL of the system
in the strong coupling region are basically unchanged with the
change of coupling coefficient.

It should be noted that when the coupling coefficient changes,
the self-oscillation control circuit will automatically track fH or
fL in order to always keep the phase of the inverter output voltage
the same as that of the inverter output current. At this time, the
output voltage of the system in the strong coupling region is
insensitive to the coupling coefficient.

Fig. 5 presents the efficiency curve of the proposed system.
As can be observed from Fig. 5, when the coupling coefficient is
less than the critical coupling coefficient, the system efficiency
increases with the increase of the coupling coefficient. When
the coupling coefficient is greater than the critical coupling co-
efficient, the efficiencies ηH and ηL remain basically unchanged
with the change of coupling coefficient. Hence, when the dis-
tance between the coils is changed or the coils are misaligned,
the output voltage and efficiency of the proposed system in
the strong coupling region remain basically unchanged, and the
proposed system has a high misalignment tolerance.

III. EQUIVALENT COUPLED MODE METHOD AND

SYSTEM DESIGN

A. Equivalent Coupled Mode Method

Based on the above analysis, it is difficult to obtain an ana-
lytical solution for the S/PS compensation topology by circuit

Fig. 6. Equivalent transformation of the receiving side circuit.

Fig. 7. Equivalent circuit of the proposed WPT system.

theory. In addition, the traditional coupled-mode method is only
used for modeling and analysis of the first-order compensa-
tion network, thus the traditional coupled-mode method cannot
model the S/PS compensation topology.

To obtain the analytical solution of the proposed WPT sys-
tem, an equivalent coupled-mode method is proposed in this
article. The PS compensation topology on the receiving side is
equivalently transformed into the S compensation topology on
the receiving side, and then the equivalent S/S compensation
topology is modeled and analyzed by the coupled mode theory.

Fig. 6 is a schematic diagram of the equivalent transformation
from the PS compensation topology on the receiving side to
the S compensation topology on the receiving side, and their
parameter relationships are⎧⎨

⎩
RLeq = RLC2

r

(Cr+C1)
2+(ωCrC1RL)2

Creq = (Cr+C1)
2+(ωCrC1RL)2

(Cr+C1)+ω2C2
rC1R2

L

. (13)

Since (Cr + C1)
2 � (ωCrC1RL)

2 and (Cr + C1) �
ω2C2

rC1R
2
L, (13) can be simplified as{

RLeq = RLC2
r

(Cr+C1)
2

Creq = Cr + C1

. (14)

The equivalent circuit of the proposed WPT system is shown
in Fig. 7. The equivalent circuit is modeled and analyzed by
coupled mode theory [40], and Fig. 7 can be described as

d

dt

[
at

ar

]
=

[
jωt + gt −jκ
−jκ jωr − τr

] [
at

ar

]
. (15)

Here, at = Ate
j(ωt+θt) and ar = Are

j(ωt+θr) are the energy
modes of the transmitting and receiving circuits respectively. At

and Ar are the amplitudes of the energy modes, and θt and θr are
the phases of the energy modes. The natural resonance angular
frequencies ωt and ωr can be described as:ωt = 1/

√
LtCt,

ωr = 1/
√

LrCreq respectively, and ωt = ωr. The total gain rate
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of the transmitting circuit is gt = (G0/At)− τtt, and G0 =
Uin/2

√
Lt. The inherent loss rate of transmitting circuit is

τtt = Rt/2Lt, and the total loss rate of the receiving circuit is
τr = (Rr +RLeq)/(Rr +RLeq)2Lr2Lr. The coupling rate of
the system is κ = kωt/2.

According to (15), the characteristic equation of frequency
can be obtained.∣∣∣∣j (ω − ωt)− gt jκ

jκ j (ω − ωr)+τr

∣∣∣∣ = 0. (16)

The expression for working angular frequency can be derived
from (16)

ω = ωt + j
gt − τr

2
±
√

κ2 −
(
gt + τr

2

)2

. (17)

The solution of the working angular frequency can be divided
into following two cases.

1) When κ2 = gtτr, the working angular frequency is ω =
ωt, and the frequency solution is unstable in the strong
coupling region according to the Hammel locus method.

2) When gt = τr and κ > τr, the working angular frequency
is ω = ωt ±

√
κ2 − τ2r . That is, the analytical expres-

sions of ωH and ωL are high frequency ωH = 2πfH =
ωt +

√
κ2 − τ2r and low frequency ωL = 2πfL = ωt −√

κ2 − τ2r . The imaginary part of the input impedance
of the system at ωH and ωL is zero. For the condition
gt = τr, it is necessary to set the nonlinear saturation gain
in the system, and the nonlinear saturation gain is usually
the negative resistance constructed by the operational am-
plifier [41]. In this article, to improve the efficiency and
power of the system, the negative resistance is realized by
the self-oscillation control circuit. For the condition κ >
τr, since κ = kωt/2 and τr = (Rr +RLeq)/2Lr, κ > τr
can be transformed into k > kc = (Rr +RLeq)/ωtLr. By
limiting the working region, the coupling coefficient of the
system can meet the above inequality. Here, kc is defined
as the critical coupling coefficient, and its expression is

kc =
Rr +RLeq

ωtLr
=

RL

√
Cr√

Lr

√
(1 + γ)

(1 + γ)2
(18)

where γ is denoted as γ = C1/Cr. In this article, it is
defined that k greater than kc is the strong coupling region,
and k less than kc is the weak coupling region.

From (15), it can be deduced that the amplitude of the energy
mode is

|at| = |ar| = Uin

2
√
Lt

1

τtt + τr
. (19)

The output power and transmission efficiency of the system
can be expressed as

Po = 2τL|ar|2 =
U2

inRLeq[
RtLr

Lt
+Rr +RLeq

]2 Lr

Lt
(20)

η =
2τL|ar|2

2τtt|at|2 + 2τr|ar|2
=

RLeq
RtLr

Lt
+ (Rr+RLeq)

. (21)

Fig. 8. Comparison between the analytical solution obtained by the equivalent
coupled mode method and the numerical solution in Section II.

The analytical expression for the ac output voltages UL in the
strong coupling region is

UL =
Uin

√
RLRLeq[

RtLr

Lt
+Rr +RLeq

]√Lr

Lt
. (22)

From (21) and (22), it can be seen that when the system works
in the strong coupling region, the output voltage and efficiency
of the system are independent of the coupling coefficient.

The comparison between the analytical solution obtained by
the equivalent coupled-mode method and the numerical solution
in Section II [see (7) and (8)] is shown in Fig. 8. It can be seen
from Fig. 8 that the analytical solution of the output voltage and
efficiency is basically consistent with the numerical solution.
Therefore, the proposed equivalent coupled-mode method can
effectively model and analyze WPT systems with high-order
compensation topology.

Furthermore, since the equivalent series resistance Rt and Rr

of the coil are much smaller than the equivalent load resistance
RLeq, the equivalent series resistance of the coil can be ignored.
Equation (22) can be simplified as

UL =
Uin (Cr + C1)

√
Lr

Cr

√
Lt

=
(1 + γ)

√
Lr√

Lt

Uin. (23)
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The dc output voltage can be deduced as [42]

Uo =
π

2
√
2
UL =

π

2
√
2

(1 + γ)
√
Lr√

Lt

Uin. (24)

From the above equation, it can be seen that in the strong
coupling region, the output voltage is independent of the cou-
pling coefficient and load resistance. Therefore, when the load
resistance changes, as long as the proposed WPT system op-
erates in the strong coupling region, the output voltage of the
system remains basically unchanged with the change of coupling
coefficient, that is, the proposed system has antimisalignment
tolerance capability.

In addition, the proposed system has inherent constant voltage
output characteristics. Consequently, the proposed WPT system
can be applied to occasions that require constant voltage power
supply, such as heating-type kitchen electrical equipment, wire-
less power supply for oil drilling, and wireless power supply for
high-voltage transmission line monitoring equipment. When the
proposed WPT system is applied to kitchen electrical equipment
that requires a constant voltage power supply, the output power
can be adjusted by the following two methods. 1) Adjust the out-
put power by switching different load resistances. According to
(20), the output power is related to the load resistance. Therefore,
when the system switches different load resistances, the output
power changes. 2) Adjust the output power by changing the ratio
of rated output power time to zero output power time. When
0 < t < DT, the driver is enabled, the driver outputs the
control signal, and the system outputs the rated power. When
DT < t < T, the driver is disabled, the driver does not output a
control signal, and the system outputs zero power. The equivalent
output power of the system isPeq = DPo, where D is the ratio of
the rated output power time to the period T. Hence, the equivalent
output power can be adjusted by changing D.

The high misalignment tolerance of the self-oscillation WPT
system with S/PS topology is determined by the essential charac-
teristics of the S/PS topology WPT system. That is to say, when
the S/PS topology WPT system satisfies the compensation equa-
tion 1/

√
LtCt = 1/

√
LrCreq and the input impedance is pure

resistance, its output is independent of the coupling coefficient,
which is the inherent characteristic of the S/PS topology WPT
system. The purpose of adopting the self-oscillation control
circuit in this article is to realize the second condition mentioned
above, i.e., to ensure that the input impedance of the system is
pure resistance.

A general conclusion can be drawn from the above analysis.
Under the condition that the compensation equation is satisfied
and the input impedance is pure resistance, if the output of a cer-
tain topology WPT system has nothing to do with the coupling
coefficient, the system adopts the self-oscillation control circuit,
which will have a high misalignment tolerance.

The self-oscillation WPT systems with other topologies are
studied.

1) Four kinds of self-oscillation WPT systems with basic
topologies are studied, and their schematic diagrams are
shown in Fig. 9.

The output characteristics of four self-oscillation WPT sys-
tems with basic topologies can be derived from the coupled mode

Fig. 9. Equivalent circuits of four self-oscillation WPT systems with basic
topologies: (a) S/S. (b) S/P. (c) P/S. (d) P/P.

theory, and the comparison of the transmission characteristics
of four self-oscillation WPT systems with basic topologies is
listed in Table I.

It can be seen from Table I that the output of four self-
oscillation WPT systems with basic topologies is independent
of the coupling coefficient, and they have high misalignment
tolerance. It is verified that the output of the four basic topology
WPT systems is independent of the coupling coefficient under
the condition that the compensation equation is satisfied and the
input impedance is pure resistance, so that when the four basic
topology WPT systems adopt the self-oscillation control circuit,
they have high misalignment tolerance.

1) For higher-order topology WPT systems. As long as the
high-order topology can be equivalent to one of the four
basic topologies, the high-order topology WPT system
adopts the self-oscillation control circuit, which will have
antimisalignment tolerance capability.

For example, S/PS topology. In this article, the S/PS topol-
ogy is equivalent to the S/S topology by using the equivalent
coupled-mode method. Since the output of the S/S topology
WPT system is independent of the coupling coefficient under
the condition that the compensation equation is satisfied and
the input impedance is pure resistance, the self-oscillation WPT
system with S/PS topology has high misalignment tolerance.

B. Design of System Parameters

When the coupling coefficient of the system satisfies k > kc,
the output of the system is insensitive to the coupling coefficient.
kc determines the stable transmission range of the system, the
smaller the kc, the larger the stable transmission range of the
system. From (18), it can be seen that the critical coupling coef-
ficient is positively correlated with Cr, and negatively correlated
with Lr and γ. It can be seen from (24) that the output voltage
of the system is positively correlated with the receiving coil
inductance Lr and the ratio γ of C1 to Cr and is negatively
correlated with the transmitting coil inductance Lt.

From the above analysis, the parameter design process of the
proposed system can be obtained, and the specific design process
is as follow.

1) Determine the maximum receiving coil inductance.
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The height and diameter of the receiving coil can be acquired
based on the space reserved for the receiving coil. The induc-
tance formula of the space spiral coil is [43]

L =
πμ0KND2

rN
2

4h
(25)

where Dr is the diameter of the coil, and μ0 = 4π × 10−7 is the
vacuum permeability. KN is the coefficient of space spiral coil,
and N is the number of turns of the coil. h = (N − 1)p1 +D1

represents height of the coil, and D1 is the diameter of the wire,
and p1 is the turn pitch.

Since the height of the coil is known, the maximum number
of turns can be obtained when the turn pitch p1 is equal to the
diameter D1 of the wire. Thus, the maximum receiving coil
inductance can be calculated from (25).

2) Determine the minimum coupling coefficient kmin of the
system.

The coupling coefficient with various transmission distance
and misalignment can be calculated based on Neumann’s for-
mula [44]. Hence, the minimum coupling coefficient kmin of the
system is determined according to the highest design require-
ments of transmission distance and misalignment.

3) Determine the compensation capacitors Cr and C1.
According to (18), Cr and γ are adjusted to ensure that the

critical coupling coefficient kc is less than the minimum coupling
coefficient kmin. At this time, the output voltage and efficiency
of the system are independent of the coupling coefficient.

Here, Cr can be set as a capacitance value that is easily
available in the market, and then the critical coupling coefficient
kc can be adjusted to be smaller than the minimum coupling
coefficient kmin by changing γ. When Cr and γ are determined,
C1 can be calculated based on γ = C1/Cr.

4) Determine the transmitting coil inductance Lt and com-
pensation capacitor Ct.

On the basis of (24), the output voltage Uo is adjusted to be
equal to the design value Uoset of the output voltage by changing
the transmitting coil inductance Lt.

Finally, Ct can be calculated according to the de-
termined Lt, Lr, Cr, C1 and compensation equation
1/
√
LtCt = 1/

√
Lr(Cr + C1). So far, the system parameter

design has been completed.
Furthermore, in order to clearly demonstrate the system pa-

rameter design process, the system parameter design flowchart
is drawn, as shown in Fig. 10.

The above system parameter design process is applicable
to the case where the load resistance is fixed. When the load
resistance changes, only the third step of the above system
parameter design process needs to be modified. It can be ob-
served from (18) that the critical coupling coefficient of the
system is positively correlated with the load resistance. When the
load resistance increases, the critical coupling coefficient of the
system increases. Assuming that the variation range of the load
resistance isRLmin ≤ RL ≤ RLmax, the corresponding variation
range of the critical coupling coefficient is kcmin ≤ kc ≤ kcmax.
Where the critical coupling coefficient corresponding to RLmin

is kcmin, and the critical coupling coefficient corresponding to
RLmax is kcmax. The critical coupling coefficient can be adjusted

Fig. 10. System parameter design flowchart.

by changing Cr and γ to ensure that the maximum critical
coupling coefficient kcmax is less than the minimum coupling
coefficient kmin. At this time, when the load resistance changes
within the range of RLmin ≤ RL ≤ RLmax, the system always
works in the strong coupling region, thus the output voltage has
the antimisalignment ability.

IV. EXPERIMENTAL VALIDATION

To validate the theoretical analysis, an experimental prototype
is constructed, as depicted in Fig. 11. The experimental param-
eters of the proposed WPT system are provided in Table II. The
self-oscillation control method is adopted in this article, and the
specific implementation process of the self-oscillation control
method is as follows: The current transformer is used to sample
the current of the transmitting circuit, and the turns ratio of the
current transformer is 1:1:50. The differential sampling circuit
is adopted to amplify the current signal, and the differential
sampling circuit is composed of an operational amplifier model
LMH6628. The amplified current signal is compared with the
zero potential by the comparator to generate the drive signal,
and the type of the comparator is TL3016. The drive signal
controls the on and off of the MOSFET after passing through
the driver, and the model of the driver is LM5109, and the type
of MOSFET is VSP007N07MS. The control signal of S1 is the
same as the control signal of S4, and the control signal of S2 is
identical to that of S3. The phase difference between the control
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Fig. 11. Experimental prototype of the proposed WPT system.

signals of S1 and S4 and control signals of S2 and S3 is 180
degrees. The self-oscillation control method makes the output
voltage and output current of the inverter have the same phase.
At the same time, with the change in the coupling coefficient, the
method can automatically adjust the working frequency to make
the output basically constant. Furthermore, both the transmitting
and receiving coils adopt spatial spiral coils in the prototype. It
should be pointed out that the proposed system is applicable to
all coils, including double-D coils and solenoids. The type of
diode in the rectifier is SBR40U100CT.

The startup process of the self-oscillation inverter is as fol-
lows: After supplying power to the main circuit and the self-
oscillation circuit, due to the slight disturbance of the signal
at the negative input terminal of the comparator, even if the
inverter has no current, the comparator will output an irregular
rectangular wave, which controls the inverter start-up through
the driver. At this time, the inverter has current. The current
transformer and differential sampling circuit will detect the
current in the inverter. After the detected current passes through
the zero-crossing comparator, a control signal in phase with the
inverter current will be generated, and the control signal will
drive the inverter to work and keep oscillating.

According to the Hamel locus method, the system oper-
ates stably at both high frequency fH and low frequency
fL. As the coupling coefficient changes, the proposed system
will randomly select the high frequency branch fH or the
low frequency branch fL to follow base on the equation f =
(ωt ±

√
κ2 − τ2r )/2π. Hence, the system may jump between

high frequency fH and low frequency fL with the change of
coupling coefficient.

In practical applications, if the system is desired to work
only at high frequency fH or only at low frequency fL, the
system is prevented from jumping between high frequency and
low frequency, and the self-oscillation control method can be
improved to achieve this goal.

Compared with the self-oscillation control circuit in Fig. 1, the
improved self-oscillation control circuit adds a microcontroller
after the zero-crossing comparator. The working process of the
improved self-oscillation control method will be described in

detail below by taking the operation at high frequency as an
example. The microcontroller detects the rising edge of the
output signal of the zero-crossing comparator to track the phase
of the inverter current. At the same time, the microcontroller
detects the frequency of the output signal of the zero-crossing
comparator and then judges whether the detected frequency fd
is greater than ft. Where ft = ωt/2π is the natural resonance
frequency. If the detected frequency fd is greater than ft, it is
determined that the detected frequency fd is high frequency
fH, and the microcontroller outputs the PWM signal with the
detected frequency fd. If the detected frequency fd is less than ft,
it is determined that the detected frequency fd is low frequency
fL, and the microcontroller outputs the PWM signal with a
frequency of (2ft − fd). Here, (2ft − fd) = (2ft − fL) = fH .
Thus, the system works only at the high frequency branch fH.

The same method can be used to make the system work only
at the low frequency branch fL. The microcontroller detects the
frequency of the output signal of the zero-crossing comparator
and then judges whether the detected frequency fd is less than ft.
If the detected frequency fd is less than ft, it is determined that
the detected frequency fd is low frequency fL, and the microcon-
troller outputs the PWM signal with the detected frequency fd.
If the detected frequency fd is greater than ft, it is determined
that the detected frequency fd is high frequency fH, and the
microcontroller outputs the PWM signal with a frequency of
(2ft − fd). So then, the system works only at the low frequency
branch fL.

When Ro = 12.3 Ω and the coils are aligned, the experimental
waveforms of the output voltage versus distance are described
in Fig. 12. It can be observed from Fig. 12 that the phase of
the output voltage of the inverter is the same as that of the
output current. Hence, the inverter is equivalent to the negative
resistance.

The relationship curves between system performance and
distance when Ro= 12.3Ω, and the coils are aligned are depicted
in Fig. 13. From Fig. 13(a), it can be seen that when the coils are
aligned and the distance between the coils is less than 26.1 cm,
the output voltage of the system remains basically unchanged as
the distance changes. Specifically, when the distance increases
from 8.0 to 26.1 cm, the output voltage fluctuates by 0.97 V,
which is 1.6% of the rated output voltage. The experimental
value of the critical transmission distance is 26.1 cm, and
the corresponding experimental value of the critical coupling
coefficient is 0.0478 (the relationship between the coupling
coefficient and the transmission distance is surveyed by the
impedance analyzer). According to (18), the theoretical value of
the critical coupling coefficient is 0.0444, and the corresponding
theoretical value of the critical transmission distance is 26.9
cm. The experimental results are basically consistent with the
theoretical results.

The equationPo = U2
o /Ro is used to calculate the experimen-

tal value of the output power. The dc output voltage Uo is directly
read from the oscilloscope (InfiniiVision DSOX2014A), so that
the experimental value of the output power can be obtained. The
theoretical value of output power is calculated according to (20).

The solid line in Fig. 13(b) indicates the theoretical result,
and the black rhombus in Fig. 13(b) represents the experimental
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Fig. 12. Experimental waveforms of the output voltage versus distance when Ro = 12.3 Ω and the coils are aligned. (a) d = 8 cm. (b) d = 10 cm. (c) d = 12 cm.
(d) d = 14 cm. (e) d = 16 cm. (f) d = 18 cm. (g) d = 20 cm. (h) d = 22 cm. (i) d = 24 cm. (j) d = 26 cm. (k) d = 26.1 cm. (l) d = 28 cm. (m) d = 30 cm.

Fig. 13. Relationship curves between system performance and distance when Ro = 12.3 Ω and the coils are aligned. (a) Output voltage. (b) Output power.
(c) Efficiency. (d) Working frequency.

result. It can be seen from Fig. 13(b) that the experimental results
of the output power are basically consistent with the theoretical
results. In the strong coupling region, the average value of the
experimental results of the output power is 269.3 W. When the
coils are aligned and the distance between the coils is less than
26.1 cm, the output power of the system is almost unchanged
with the change in the distance. Specifically, when the distance
increases from 8.0 to 26.1 cm, the output power fluctuates by
9.1 W, which is 3.2% of the rated output power. Therefore, the
proposed WPT system has a high misalignment tolerance in the
Z-direction.

In this work, the equation ηtotal−exp = U2
o /(VDCIDCRo) is

used to calculate the experimental value of the total efficiency.
The values of the dc input voltage VDC and dc input current IDC

are directly read from the dc power supply 2 (KXN-6030D),
so then the experimental value of the total efficiency can be
calculated. The experimental value of transmission efficiency
is calculated by the equation η

tra−exp
= π3U2

L/(16
√
2VDCItRo)

[42]. The RMS values of the equivalent ac output voltage UL and
inverter output current It are directly read from the oscilloscope.
The theoretical value of the transmission efficiency is calculated
from (21).
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Fig. 14. Experimental waveforms of the output voltage versus misalignment when Ro = 12.3 Ω and d = 10 cm. (a) Misalignment is 0 cm. (b) Misalignment is
2 cm. (c) Misalignment is 4 cm. (d) Misalignment is 6 cm. (e) Misalignment is 8 cm. (f) Misalignment is 10 cm. (g) Misalignment is 12 cm. (h) Misalignment is
14 cm. (i) Misalignment is 16 cm. (j) Misalignment is 18 cm. (k) Misalignment is 19.8 cm. (l) Misalignment is 20 cm. (m) Misalignment is 22 cm.

Fig. 15. Experimental waveforms of the output voltage versus misalignment when Ro = 12.3 Ω and d = 15 cm. (a) Misalignment is 0 cm. (b) Misalignment is
2 cm. (c) Misalignment is 4 cm. (d) Misalignment is 6 cm. (e) Misalignment is 8 cm. (f) Misalignment is 10 cm. (g) Misalignment is 12 cm. (h) Misalignment is
14 cm. (i) Misalignment is 16 cm. (j) Misalignment is 18 cm. (k) Misalignment is 18.2 cm. (l) Misalignment is 20 cm. (m) Misalignment is 22 cm.

Fig. 16. Experimental waveforms of the output voltage versus misalignment when Ro = 12.3 Ω and d = 20 cm. (a) Misalignment is 0 cm. (b) Misalignment is
2 cm. (c) Misalignment is 4 cm. (d) Misalignment is 6 cm. (e) Misalignment is 8 cm. (f) Misalignment is 10 cm. (g) Misalignment is 12 cm. (h) Misalignment is
14 cm. (i) Misalignment is 14.9 cm. (j) Misalignment is 16 cm. (k) Misalignment is 18 cm.

The solid line in Fig. 13(c) represents the theoretical result of
transmission efficiency, the black cross in Fig. 13(c) indicates
the experimental result of transmission efficiency, and the black
square in Fig. 13(c) represents the experimental result of total
efficiency. From Fig. 13(c), it can be seen that the experimental
result of the transmission efficiency is basically consistent with
the theoretical result, so that the accuracy of the efficiency
calculation of the experimental results is verified.

Furthermore, as can be seen from Fig. 13(d), the sys-
tem will automatically track the working frequency f =
(ωt ±

√
κ2 − τ2r )/2π with the change of the distance.

When Ro = 12.3 Ω and d = 10 cm, the experimental wave-
forms of the output voltage versus misalignment are described
in Fig. 14. Fig. 15 presents the experimental waveforms of the

output voltage versus misalignment when Ro = 12.3 Ω and d
= 15 cm. When Ro = 12.3 Ω and d = 20 cm, the experimental
waveforms of the output voltage versus misalignment are shown
in Fig. 16.

The curves of system performance versus misalignment at
different distances when Ro = 12.3 Ω are illustrated in Fig. 17.
It can be observed from Fig. 17 that when the distance is
20.0 cm and the misalignment is less than 14.9 cm, the out-
put voltage fluctuates by 0.83 V, the output power fluctuates
by 7.8 W, and the efficiency fluctuates by 1.1%. That is, the
output voltage, output power and efficiency of the system
are basically constant. Consequently, the proposed WPT sys-
tem has a high misalignment tolerance in the X-direction and
Y-direction.
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Fig. 17. Curves of system performance versus misalignment at different distances when Ro = 12.3 Ω. (a) Output voltage. (b) Output power. (c) Efficiency.
(d) Working frequency.

Fig. 18. Loss analysis of the system.

The loss analysis of the system is described in Fig. 18. The
power loss of the system mainly includes transmitting coil loss,
inverter loss, receiving coil loss, and rectifier loss. The system
efficiency is 89.3%, and the total loss is 32.2 W.

Besides, experiments with different load resistances are pro-
vided. The dc load resistances are set to 12.3, 20, and 30 Ω,
respectively. Other experimental parameters are the same as
those in Table II.

Fig. 19 presents the experimental waveforms of the output
voltage versus distance when Ro=20Ω and the coils are aligned.
When Ro = 30 Ω and the coils are aligned, the experimental
waveforms of the output voltage versus distance are illustrated in
Fig. 20. When Ro = 20Ω and d= 10 cm, the experimental wave-
forms of the output voltage versus misalignment are depicted in
Fig. 21. Fig. 22 is the experimental waveforms of the output volt-
age versus misalignment when Ro = 30 Ω and d = 10 cm. The
experimental results of output voltage versus distance and mis-
alignment under different load resistances are shown in Fig. 23.

It can be observed from Figs. 12, 19, 20, and 23(a) that when
Ro = 12.3Ω, the critical transmission distance is 26.1 cm. When
Ro = 20 Ω, the critical transmission distance is 20.8 cm. When
Ro = 30 Ω, the critical transmission distance is 16.6 cm. When
the transmission distance d is less than the critical transmission
distance, the system operates in the strong coupling region.
For different load resistances, the output voltage in the strong
coupling region remains basically unchanged as the distance
changes. In addition, when the transmission distance is less than
16.6 cm and the dc load resistance changes from 12.3 to 30Ω, the
output voltage fluctuates by 3.4 V, and the voltage fluctuation
is small. Therefore, in the strong coupling region, the output
voltage of the system is insensitive to the load resistance and
transmission distance.

It can be seen from Figs. 14, 21, 22, and 23(b) that when Ro =
12.3Ω, d= 10 cm, and the misalignment is less than 19.8 cm, the
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Fig. 19. Experimental waveforms of the output voltage versus distance when Ro = 20 Ω and the coils are aligned. (a) d = 8 cm. (b) d = 10 cm. (c) d = 12 cm.
(d) d = 14 cm. (e) d = 16 cm. (f) d = 18 cm. (g) d = 20 cm. (h) d = 20.8 cm. (i) d = 22 cm. (j) d = 24 cm.

Fig. 20. Experimental waveforms of the output voltage versus distance when Ro = 30 Ω and the coils are aligned. (a) d = 8 cm. (b) d = 10 cm. (c) d = 12 cm.
(d) d = 14 cm. (e) d = 16 cm. (f) d = 16.6 cm. (g) d = 18 cm. (h) d = 20 cm.

Fig. 21. Experimental waveforms of the output voltage versus misalignment when Ro = 20 Ω and d = 10 cm. (a) Misalignment is 0 cm. (b) Misalignment is
2 cm. (c) Misalignment is 4 cm. (d) Misalignment is 6 cm. (e) Misalignment is 8 cm. (f) Misalignment is 10 cm. (g) Misalignment is 12 cm. (h) Misalignment is
14 cm. (i) Misalignment is 16 cm. (j) Misalignment is 16.9 cm. (k) Misalignment is 18 cm; (l) Misalignment is 20 cm.

system operates in the strong coupling region. When Ro = 20 Ω,
d= 10 cm, and the misalignment is less than 16.9 cm, the system
works in the strong coupling region. When Ro = 30 Ω, d = 10
cm, and the misalignment is less than 13.6 cm, the system works
in the strong coupling region. For different load resistances, the
output voltage in the strong coupling region remains essentially
unchanged with the variation of misalignment. In summary,

when the load resistance changes, as long as the proposed WPT
system operates in the strong coupling region, the system has
antimisalignment tolerance capability.

The main differences between this work and literature [36]
are as follows.

1) The principle is different. The system in [36] is the PT-
symmetric WPT system, while the system proposed in this
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Fig. 22. Experimental waveforms of the output voltage versus misalignment when Ro = 30 Ω and d = 10 cm. (a) Misalignment is 0 cm. (b) Misalignment is
2 cm. (c) Misalignment is 4 cm. (d) Misalignment is 6 cm. (e) Misalignment is 8 cm. (f) Misalignment is 10 cm. (g) Misalignment is 12 cm. (h) Misalignment is
13.6 cm. (i) Misalignment is 14 cm. (j) Misalignment is 16 cm.

Fig. 23. Experimental results of output voltage versus distance and misalignment under different load resistances. (a) Experimental results of output voltage
versus distance under different load resistances when the coils are aligned. (b) Experimental results of output voltage versus misalignment under different load
resistances when d = 10 cm.

article is not a PT-symmetric WPT system. The output
voltage and efficiency of the self-oscillation WPT system
with S/PS topology in the strong coupling region are not
sensitive to the coupling coefficient. Although this charac-
teristic is similar to that of the PT-symmetric WPT system,
the proposed system changes under the joint parity and
time reversal operations, and according to the definition
of PT-symmetry, the proposed system is not PT-symmetry.
The system in [36] remains unchanged under the joint
parity and time reversal operations, and the system in [36]
is PT-symmetry.

2) The modeling method is different. Zhou et al. [36] adopts
the traditional coupled-mode method to model and analyze
the WPT system with S/S compensation topology, while
this article adopts the proposed equivalent coupled-mode
method to model and analyze the WPT system with S/PS
compensation topology. The traditional coupled-mode
method can only model and analyze the WPT system with
first-order compensation topology, but it cannot model
and analyze the WPT system with S/PS compensation
topology. Besides, the expressions for the output voltage
and efficiency of the S/PS compensation topology WPT

system derived from circuit theory are very complicated,
and the expression for the critical coupling coefficient
cannot be derived from circuit theory. In order to simplify
the expressions for the output voltage and efficiency of the
proposed system and derive the expression for the critical
coupling coefficient, this article proposes an equivalent
coupled-mode method.

3) Compared with literature [36], the stable transmission
range of the system proposed in this article is wider.
The coupling coefficient in literature [36] needs to satisfy
k > Rr+RL

ωtLr
, and the coupling coefficient in this article

needs to satisfy k >
Rr+

C2
r

(Cr+C1)2
RL

ωtLr
. Consequently, the

stable transmission range of this artcle is larger than that
of literature [36].

In order to clearly compare the methods for improving mis-
alignment tolerance, a comparison table is given, as shown in
Table III.

From Table III, it can be seen that compared with existing
methods, the proposed method has the following advantages.

1) The proposed method can realize ZPA, has unity power
factor, and improves power transmission capability.
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TABLE III
COMPARISON OF DIFFERENT METHODS

2) The proposed method has high misalignment tolerance in
all directions, which increases spatial freedom.

3) The output voltage and efficiency fluctuations of the pro-
posed method in the strong coupling region are small, and
the efficiency fluctuation is 1.3%, and the output voltage
fluctuation is 1.6%.

4) Compared with the PT-symmetric WPT system, the stable
transmission region of the proposed system is wider.

V. CONCLUSION

A high misalignment tolerance WPT system is proposed
in this work. The output voltage and efficiency of the S/PS
topology WPT system in the strong coupling region are not
sensitive to the coupling coefficient under the condition that the
compensation equation is satisfied and the input impedance is
pure resistance. The proposed system adopts the self-oscillation
control method to achieve negative resistance, and the system
has a unity power factor and high system efficiency. More-
over, an equivalent coupled-mode method is presented, which
can effectively model and analyze WPT systems with high-
order compensation topology. Finally, a laboratory prototype
to constructed. When the coils are aligned and the distance
increases from 8.0 to 26.1 cm, the output voltage fluctuates
by 0.97 V, the output power fluctuates by 9.1 W, and the
efficiency fluctuates by 1.3%. When the distance is 20.0 cm
and the misalignment is less than 14.9 cm, the output voltage,
output power, and efficiency of the system remain essentially
unchanged. Consequently, the proposed WPT system has a

high misalignment tolerance in the X-direction, Y-direction, and
Z-direction.
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