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Abstract—Misalignment tolerance is essential for robust
inductive power transfer (IPT). For the passive approaches,
achieving improved omnidirectional misalignment toler-
ance across a wide load range remains challenging. This
paper presents a dual-band complementary compensation
design for a 2-coil single-ended IPT converter to achieve
enhanced omnidirectional misalignment tolerance under
wide load variations and arbitrary magnetic coupler param-
eters. By exploiting the high second harmonic content in
a single-ended IPT inverter, the proposed approach estab-
lishes different power transfer channels for fundamental
and second harmonic components, specifically designed
with proportional and inverse proportional relationships
to mutual inductance, respectively. The proposed method
achieves power fluctuation mitigation under misalignment
conditions by using the second harmonic. The notable
advantage of this method is that it realizes omnidirectional
misalignment tolerance across a wide load range, which
reduces the design requirements for the magnetic coupler
and control circuits compared to other approaches. This
paper conducts modeling and analysis of harmonics in
single-ended IPT circuits, followed by compensation design
and parameter optimization for misalignment tolerance en-
hancement. Experimental verification proves the validity of
the theoretical framework.

Index Terms—Omnidirectional Misalignment tolerance,
Load-independent output, Inductive power transfer, Second
harmonic, Single-ended.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) stands out as an excep-
tional method for power transfer, offering the advantages of

being contactless, safe, and convenient [1], [2]. Its versatility
spans a wide range of applications and power levels, including
consumer electronics [3]–[5], biomedical implants [6], [7],
and electric vehicles [8]–[10]. Despite its many advantages,
misalignment between the transmitter (Tx) and receiver (Rx)
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pads remains a significant issue that negatively impacts power
transfer efficiency and overall system performance. Therefore,
improving omnidirectional tolerance to misalignment is crucial
for the design and implementation of IPT systems.

Regarding the enhancement of misalignment tolerance in
IPT circuits, existing research typically includes both active
and passive approaches. The active approach involves the mod-
ulation control-based methods, while the passive approaches
include magnetic coupler-based, compensation network-based,
and dual-frequency-based methods.

For the modulation control-based method, the pulse width
modulation (PWM) is a common method. However, the PWM
modulation is generally constrained by duty cycle limitations,
only capable of addressing power fluctuations within narrow
ranges [11], [12]. Although pulse frequency modulation (PFM)
enables power regulation across wider ranges, it induces
system detuning that degrades operational efficiency [13],
[14]. Additionally, pulse density modulation (PDM) includes
burst firing control [26] and ON-OFF keying modulation [27],
all of which are effective. These techniques will produce
non-negligible subharmonics. In addition, the above methods
require a significant number of switching devices, along with
corresponding drive, detection, and control circuits.

To avoid the complex detection and control circuits and
to improve the robustness of IPT systems, more research is
focused on the passive approaches as follows:

For the magnetic coupler-based method, this kind of
method enhances magnetic field coupling under misalignment
conditions through the incorporation of auxiliary coils. A
rectangular-solenoidal pad (RSP) composed of a rectangular
pad and a solenoid pad at the transmitting or receiving
sides is studied in [16], [17]. This approach leverages the
principle of magnetic flux complementarity between the unipo-
lar rectangular coil and the bipolar solenoid coil when the
coils are misaligned, ensuring stable magnetic flux during
misalignment. However, this method is limited to improving
tolerance for misalignment in only one direction. Building
on this, a quadrupolar or an orthogonal solenoid coil is
used in place of the single solenoid to enhance misalign-
ment tolerance in both the X and Y directions [18], [19].
Nonetheless, the proposed solution does not address situations
where misalignment occurs simultaneously in the Z, X, and
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TABLE I
A COMPARISON OF DUAL-FREQUENCY METHODS FOR MISALIGNMENT TOLERANCE

References Topplogy Switch
Number

Coil
Number

Resonant
or

detuning

Load-
independent

output

The ratio of
harmonics

Design flexibility
of misalignment

tolerance

Load range Shoot-
through

Issue
[28] Full-bridge 4 2 Detuning No 3rd/1st=33.3% High fixed load Yes
[29] Full-bridge 4 2 Resonant No 3rd/1st=33.3% Low fixed load Yes
[30] Full-bridge 4 6 Resonant Yes 3rd/1st=32.57% Low Wide Yes

Proposed Single-ended 1 2 Resonant Yes 2ed/1st=68.5% High Wide No

Y directions. In summary, the magnetic coupler-based method
imposes stringent design requirements on magnetic couplers,
necessitating the implementation of two or more magnetic
coupler channels. Furthermore, this method cannot realize
omnidirectional misalignment tolerance enhancement.

For the compensation network-based method, the hybrid
IPT circuit constitutes a methodology implemented through a
compensation network and a simple coil configuration design
to improve the misalignment tolerance. A hybrid coil structure
and corresponding compensation design method were pro-
posed in [20], which utilizes decoupling between rectangular
and double-D coils to create power transfer channels that are
both directly and inversely proportional to mutual inductance.
This study also introduces a series of compensation network
design techniques. However, it is only effective for improving
misalignment tolerance in the X and Z directions. When coil
misalignment occurs in the Y direction, the decoupling be-
tween coils is disrupted, leading to reactive current circulation
in the circuit system. To address this issue, an orthogonal
double-D hybrid coil structure was proposed in [21], [22],
which improves the misalignment tolerance for single hori-
zontal and Z-direction. However, when misalignment occurs
simultaneously in the X and Y directions, the above problems
will still occur. Furthermore, this method still relies on multi-
channel magnetic couplers and cannot achieve omnidirectional
misalignment tolerance enhancement. The detuned design
methodology is also recognized as a compensation network-
based method, which employs a simple magnetic coupler
configuration by designing the operating frequency within
a misalignment-insensitive region to enhance tolerance [23],
[24]. However, this approach compromises the circuit’s power
transfer capability and efficiency.

The above passive approaches fail to achieve omnidirec-
tional misalignment tolerance with a single 2-coil magnetic
coupler.

For the dual-frequency-based methods summarized in Ta-
ble I, a dual-frequency detuning approach was proposed in
[28] to achieve omnidirectional misalignment tolerance using a
single 2-coil magnetic coupler. However, this method degrades
both power transfer capability and efficiency and is only
applicable under fixed load conditions. To improve these
performances, a dual-frequency tuning strategy was introduced
in [29]. Nevertheless, this technique can only adjust mis-
alignment tolerance by redesigning coil parameters, leading
to constrained flexibility, and remains limited to fixed-load
applications. A multi-coil dual-frequency WPT circuit was
presented in [30], but its coil structure is complex and prone to
cross-coupling effects. Additionally, all aforementioned dual-

frequency methods utilize the fundamental and third harmonic
components. Since the third harmonic voltage amplitude in
the input AC supply is relatively low (only one-third of the
fundamental), achieving effective power transfer necessitates
large harmonic currents.
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Fig. 1. Operating principle.

For the passive approaches, achieving improved omnidi-
rectional misalignment tolerance across a wide load range
remains challenging. This paper presents a dual-band comple-
mentary compensation design for a 2-coil single-ended IPT
converter, achieving enhanced omnidirectional misalignment
tolerance across a wide load range and with arbitrary magnetic
coupler parameters, which reduces the design requirements for
the magnetic coupler and control circuits. The single-ended
IPT converter adopted in this paper has been revealed to have
a significant second harmonic component that could be used
for power transfer, whereas prior to this, the second harmonic
component was typically ignored [31]. Therefore, the proposed
method establishes power transfer channels for the second har-
monic generated by the inverter, while simultaneously utilizing
them to counteract power fluctuations caused by misalignment
conditions. The fundamental operating principle is illustrated
in Fig. 1. The notable advantage of this method is that it
realizes omnidirectional misalignment tolerance across a wide
load range. In addition, the proposed method can be effective
with arbitrary 2-coil magnetic coupler parameters. The key
contributions of this paper are highlighted as follows:

1) This paper first reports the use of the significant second
harmonic component for omnidirectional misalignment
tolerance improvement in a single-switch IPT circuit
(fewer power switches, significant second harmonic, and
avoiding the shoot-through issue).

2) This paper proposes a dual-band complementary compen-
sation for a 2-coil single-ended IPT converter, achieving
omnidirectional misalignment tolerance across a wide
load range and load-independent output.

3) Compared with other dual-frequency resonant methods,
the proposed method is independent of the design of the



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

 

LAC

UDC

Q

DQ

Cin

CE

R

D1 D2

D3 D4

Co

L1

C1

C2 L2

Ca
Cb Cc

Cd

C3L3

C4

L4

uE

0
iL

00

iin iS

00

00

iP,1

iP,2
+

M

00

00

iS,1

iS,2000
uL

ip

uDS

+

2
t,2 1/P Mµ

2
t,1P Mµ 

LAC

UDC

Q

DQ

Cin

CE

R

D1 D2

D3 D4

Co

L1

C1

C2 L2

Ca
Cb Cc

Cd

C3L3

C4

L4

uE

0
iL

0

iin iS

0

0

iP,1

iP,2
+

M

0

0

iS,1

iS,20
uL

ip

uDS

+

2
t,2 1/P Mµ

2
t,1P Mµ

Fig. 2. Proposed circuit.

magnetic coupler and exhibits universal applicability to
2-coil magnetic couplers with arbitrary parameters.

This paper first introduces the schematic of the proposed
system. It then models the output voltage of the single-
ended IPT inverter and highlights the significant presence
of second harmonic components in the output voltage. This
paper subsequently provides a detailed analysis of the transfer
channels and equivalent circuits for both the fundamental
and second harmonics in the proposed circuit. Building on
this, the paper further examines the parameter configuration
method to enhance the misalignment tolerance of the circuit
and investigates its overall characteristics. Finally, this paper
verifies the effectiveness of the proposed method through
simulation and experimental validation.

II. PROPOSED CIRCUIT TOPOLOGY AND OPERATING
PRINCIPLE

A. Schematic of the Proposed System

This paper proposes a dual-band complementary compensa-
tion for a 2-coil single-ended IPT converter achieving omnidi-
rectional misalignment tolerance, whose schematic representa-
tion appears in Fig. 2. The proposed configuration employs a
single-ended inverter topology to generate precisely regulated
high-frequency AC power [32], [33]. The load-independent
characteristic guarantees that the inverter’s voltage waveform
(uL) maintains stability under varying load conditions, thereby
ensuring stable harmonic components. Fig. 2 further demon-
strates the operational waveforms of the AC inductor LAC.
The Pt,1 and Pt,2 represent the power transfer in coils of
fundamental and second harmonic, respectively.

B. High-order Harmonic Issue

The operational waveforms of the proposed IPT driver are
characterized during one operational cycle in Fig. 3. Notably,
the voltage waveform uL(t) exhibits two operational modes:
DC clamped mode and underdamped mode. To quantitatively
evaluate the harmonics content in uL, we implement a hierar-
chical waveform simplification methodology comprising two
sequential analytical stages.

1) The voltage waveform uL during underdamped resonant
operation can be mathematically represented as a trun-
cated sinusoidal segment, as experimentally validated in

Fig. 3(a). Consequently, the analytical expression for uL

admits a piecewise-defined formulation:

uL(t) =

{
−A sin(ω0t+ φ), 0 ≤ t < t1
UDC, t1 ≤ t ≤ T

(1)

where A, ω0, and φ respectively denote the sinusoidal
waveform’s peak amplitude, angular frequency, and ini-
tial phase angle. Given the periodic nature of uL, the
boundary condition uL(0) = UDC is derived through
Volt-Second balance analysis.

2) During transient intervals (0, ta) and (tb, t1), the voltage
waveform uL admits piecewise linear approximations,
enabling regions ➀ and ➁ to be modeled as triangular
profiles. These temporally symmetric intervals share an
identical duration ∆t, defined mathematically as:

∆t = ta − 0 = t1 − tb =
π arcsin(UDC

A )

180degω0
. (2)

Fig. 3(b) demonstrates that regions ➀ and ➁ can be
consolidated into a unified rectangular profile labeled
➀+➁ through waveform reconstruction. This synthesis
enables uL to be transformed into a simplified piecewise-
continuous waveform, expressed as:

uL(t) =

 0, 0 ≤ t < ta
−A sin[ω0(t− ta)], ta ≤ t < tb
UDC. tb ≤ t ≤ T

(3)

To obtain the amplitude of arbitrary harmonics of uL(t), ω0

and A should be calculated first.
According to the above analysis, ω0 could be expressed by

ω0 =
π

tb − ta
=

π

(1−D −DZ)T − 2∆t
, (4)

where D is the duty cycle of switch Q and DZ is the ZVS
margin of the switch.

When calculating A, the principle of voltage-second balance
on LP,1 within a cycle should be applied:

UDC(T − tb) =

∫ tb

ta

A sin[ω0(t− ta)]dt =
2A

π
(tb − ta).

(5)

With (3), (4) and (5), A can be derived as

A =
πUDC [(D +DZ)T +∆t]

2 [(1−D −DZ)T − 2∆t]
. (6)
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an =
2

T

∫ tb

ta

(−A) sin(ω0t) sin(nωs,1t)dt +
2

T

∫ T

tb

UDC sin(nωs,1t)dt, (8a)

bn =
2

T

∫ tb

ta

(−A) sin(ω0t) cos(nωs,1t)dt +
2

T

∫ T

tb

UDC cos(nωs,1t)dt. (8b)
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Fig. 3. Simplification of the waveform of uL(t) for calculation.
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Fig. 4. Calculated harmonic components of uL.

After obtaining both ω0 and A, the curve in Fig. 3(b) can
be decomposed into its Fourier components, as given by (7).

uL(t) =

∞∑
n=1

[an cos(nωs,1t) + bn sin(nωs,1t)], (7)

where an and bn are calculated by equations (8a) and (8b),
respectively. And ωs,1 is the operating angle frequency.

Therefore, the amplitude of arbitrary harmonics of uL can
be expressed as

UL,n =
√
a2n + b2n. (9)

For example, a single-ended IPT converter with circuit
parameters given in Table II is considered. Based on (9), the
harmonic components of uL can be calculated and plotted
in Fig. 4. To discern the parameters associated with these
harmonics, the subscript “1” will represent the fundamental
component, while the subscript “2” signifies the second-order
harmonic. By referring to Fig. 4, the second harmonic holds

TABLE II
PARAMETER DESIGN OF THE SINGLE-ENDED IPT DRIVER

Parameter Definition Value
fs Operating frequency 100 kHz
UDC Input DC voltage 100 V
D Duty cycle 0.5
DZ ZVS margin 0.11

notable importance and a relationship between the fundamen-
tal and second components of uL as UL,2 ≈ 0.685UL,1 can
be established for the subsequent analysis and design in this
paper.

III. LOAD-INDEPENDENT OUTPUT AND ANALYSIS OF
MISALIGNMENT TOLERANCE

A. Analysis of Load-Independent Output

It has been widely studied that the characteristics of the
S-S and LCC-LCC compensation at resonant frequency are
summarized in Table III. To achieve the operational features
depicted in Fig. 1 and realize load-independent constant-
current (CC) output capability, this paper aims to configure
the S-S and LCC-LCC as a dual-band complementary com-
pensation.

Fig. 5 elucidates the configuration methodology of the
proposed compensation network. When operating at ωs,1

(Fundamental-harmonic angular frequency) in Fig. 5(b), the
blue-shaded network section is equivalently represented as
an inductor while the yellow-shaded section functions as a
capacitor, thereby establishing an overall LCC-LCC com-
pensation topology. However, under ωs,2 (Second-harmonic
angular frequency) operation in Fig. 5(c), the blue-shaded
network manifests capacitive characteristics while the trans-
parent network portions behave as open circuits, consequently
realizing an S-S compensation topology configuration.

To achieve simultaneous resonance of both fundamental
and second harmonic components, this work establishes the
inductive-capacitive resonance relationship within the circuit
topology depicted in Fig. 5 as follows:

TABLE III
S-S AND LCC-LCC TOPOLOGIES FOR IPT SYSTEM AT RESONANT

FREQUENCY.

Transmitting
side

Receiving
side CC Output versus

mutual inductance
S S Yes Reverse Proportion

LCC LCC Yes Proportion

For the fundamental harmonic component, the compensa-
tion network in Fig. 5(a) operates under an equivalent LCC-
LCC topology, as analytically demonstrated in Fig. 5(b). The
resonance relationship is shown in formula (10).


jωs,1L11 = − 1

jωs,1C11
= jωs,1LP +

1

jωs,1Cb

jωs,1L22 = − 1

jωs,1C22
= jωs,1LS +

1

jωs,1Cc

. (10)
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Fig. 5. Equivalent circuit.

where

jωs,1L11 =

jωs,1L1
1

jωs,1C1

jωs,1L1 +
1

jωs,1C1

1

jωs,1C11
=

1

jωs,1Ca
+

jωs,1L2
1

jωs,1C2

jωs,1L2 +
1

jωs,1C2

, (11)

and

jωs,1L22 =

jωs,1L4
1

jωs,1C4

jωs,1L4 +
1

jωs,1C4

1

jωs,1C22
=

1

jωs,1Cd
+

jωs,1L3
1

jωs,1C3

jωs,1L3 +
1

jωs,1C3

. (12)

Building on this theoretical foundation, existing studies for
LCC-LCC compensated networks [34] theoretically demon-
strate that the fundamental harmonic output current is mathe-
matically formulated as:

Io,1 = |Io,1| =
MUL,1

jωs,1L11L22
. (13)

For the second harmonic, the compensation network of
the circuit in Fig. 5(a) is equivalent to an S-S type, and

its equivalent circuit is shown in Fig. 5(c). The resonance
relationship is shown in formulas (14) and (15).

1

jωs,2C31
= −jωs,2LP − 1

jωs,2Cb
=

jωs,2L1
1

jωs,2C1

jωs,2L1 +
1

jωs,2C1

jωs,2L2 +
1

jωs,2C2
= 0

(14)

and
1

jωs,2C32
= −jωs,2LS − 1

jωs,2Cc
=

jωs,2L4
1

jωs,2C4

jωs,2L4 +
1

jωs,2C4

jωs,2L3 +
1

jωs,2C3
= 0

.

(15)

Building on the above relationship, previous research on
S-S compensation networks [35] indicates that the second
harmonic component of the output current can be expressed
as:

Io,2 = |Io,2| =
UL,2

jωs,2M
. (16)

The Req represents the AC equivalent resistance and can be
expressed as:

Req =
8R

π2
. (17)

Ignoring the power loss of the rectifier bridge, based on the
conservation of energy before and after the rectifier bridge,
the following equation can be obtained:

I2o,1Req

2
+

I2o,2Req

2
= I2OUTR. (18)

The output current IOUT, independent of the load, can be
calculated using equations (13) and (16) as follows:

IOUT =
2

π

√
(I2o,1 + I2o,2). (19)

B. Analysis of Misalignment Tolerance

According to formula (13), (16), and (19), the output current
of the fundamental and second harmonic can be calculated as
(20). For further discussion, this paper defines a parameter
β, which further represents IOUT,1 as β and other fixed
parameters of the circuit.

IOUT,1 =
2UL,1M

πωs,1L11L22
=

2UL,1M

βπωs,1LPLS
∝ M

β
(0 < β ≤ 1)

IOUT,2 =
2UL,2

πωs,2M
∝ 1

M

.

(20)

and

IOUT =
√

I2OUT,1 + I2OUT,2. (21)
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Therefore, in the case where parameters other than mutual
inductance M remain unchanged, IOUT satisfies the following
relationship

IOUT ∝

√
1

M2
+

M2

β2
. (22)

As demonstrated by the objectives in Section II-A, the
proposed circuit topology satisfies the fundamental design re-
quirements. However, to optimize system performance across
the specified misalignment range, the parameter β requires
systematic investigation. We therefore formulate the output
current relationship as IOUT(M,β). Under aligned coil con-
ditions (denoted by MN), the output current is expressed by
IN = IOUT(MN, β). This study adopts the normalized current
ratio IOUT(M,β)/IN to quantify output current variations
during misalignment.
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Fig. 6. Mutual inductance versus misalignments.

To determine the appropriate value of parameter β, it is
imperative to determine the variation range of M . The coil
used in this paper is circular; ∆r and ∆z are used to indicate
the misalignment distance in the horizontal and vertical di-
rections, respectively. The variation in mutual inductance with
misalignment is presented in Fig. 6. Based on this analysis,
the misalignment tolerance of the circuit under different β
values is illustrated in Fig. 7(a). In this paper, β2 = 0.2
is selected. Fig. 7(b) demonstrates the output characteristics
comparison between the proposed method and the conven-
tional circuit, where IOUT,1 and IOUT,2 are used to represent
the output characteristics of the conventional circuit as shown
in (20). It is evident that the proposed method has lower
output fluctuations within the range of mutual inductance
variation studied. In addition, the above analysis shows that
the proposed misalignment tolerance improvement method is

load-independent, which means that the proposed method can
improve the misalignment tolerance in a wide load range.
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C. Parameters Design and Analysis
In the proposed method, the values of inductors LAC,

L2, and L3 in Fig. 2 have degrees of design freedom, so
they have room for optimization. The optimization process
necessitates the use of circuit simulation software. Using LAC

as an example, as illustrated in Fig. 8, for any given value of
LAC, the ZVS margin DZ can be tuned to achieve the target
value by adjusting CE, while the root mean square (RMS)
current through LAC is simultaneously obtained and recorded
in Fig. 9. As the inductance of LAC increases, the rate at
which the decrease of the current IL slows down. Therefore,
it is advisable to select a point where the current in LAC starts
varying slowly. This choice helps reduce both the cost and
power losses of the converter. In this paper, the inductance
LAC is chosen as 44 µH, and the corresponding value of
CE is determined to be 21.5 nF, which can be determined
correspondingly. Similarly, the values of inductance L2 and
L3 can be determined by the same method.
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Fig. 10. The parameter design process of the proposed circuit.
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Fig. 11. Characteristics of proposed single-ended IPT circuit.
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Fig. 12. Normalized output with varying normalized parameters.

Based on the above analysis, parameter design and calcu-
lation can be carried out for the proposed circuit as shown in
Fig. 10, with detailed parameters shown in Table IV. Using
the circuit parameters in Table IV, a characteristic analysis
of the proposed circuit is conducted. Fig. 11(a) illustrates
the transfer gain of the circuit as a function of switching
frequency, with different curves representing various load
conditions. The curves clearly intersect at 100 kHz and 200
kHz, indicating that the proposed circuit exhibits two load-
independent resonance points. Fig. 11(b) shows the impedance
angle of the proposed circuit’s input impedance as a function

TABLE IV
PARAMETERS OF PROPOSED CIRCUIT

Symbol Definition Value
CE Transmitting-side compensation capacitor 21.5 nF
C1 Transmitting-side compensation capacitor 30.71 µF
C2 Transmitting-side compensation capacitor 12.67 nF
Ca Transmitting-side compensation capacitor 22.17 nF
Cb Transmitting-side compensation capacitor 108.18 nF
Cc Receiving-side compensation capacitor 106.76 nF
Cd Receiving-side compensation capacitor 22.17 nF
C3 Receiving-side compensation capacitor 12.67 nF
C4 Receiving-side compensation capacitor 30.19 nF
LAC Transmitting-side compensation inductor 44 µH
L1 Transmitting-side compensation inductor 30.18 µH
L2 Transmitting-side compensation inductor 50.12 µH
L3 Receiving-side compensation inductor 50.09 µH
L4 Receiving-side compensation inductor 30.66 µH
LP The inductance of the transmitting coil 71.03 µH
LS The inductance of receiving coil 71.31 µH
M Mutual inductance 30.17 µH
fs Operating frequency 100 kHz
UL,1 Calculated amplitude of fundamental harmonic 177.26 V
UL,2 Calculated amplitude of second harmonic 121.42 V
UDC Input DC voltage 100 V
IOUT Output DC current 2.4 A
D Duty cycle 0.5
DZ ZVS margin 0.11

of switching frequency. At operating frequencies of 100 kHz
and 200 kHz, the phase angle of the input impedance is 0
degrees, regardless of the load value.

The sensitivity analysis of the compensation parameters is
presented in Fig. 12. It can be observed that parameters Ca

and Cd exhibit higher sensitivity compared to the others, thus
requiring greater accuracy in their selection. In contrast, the
sensitivity curves of parameters C4, L4, Cb, and Cc almost
coincided, and showed very low sensitivity.

IV. EXPERIMENTAL VALIDATION

To validate the analysis, a 172.8 W single-ended IPT proto-
type has been constructed, as illustrated in Fig. 13. This pro-
totype includes a DC input, a transmitting circuit, a magnetic
coupler, a receiving circuit, an oscilloscope, and an electronic
load, labeled as components 1 through 6. The magnetic coupler
employs two coaxial circular coils with a diameter of 22.8
cm, serving as the transmitter and receiver, respectively. These
components are separated by an axial gap of 5 cm. Both coils
are fabricated from 3 mm diameter Litz wire, wound into 16
turns per coil, and encased in ferrite shielding to enhance mag-
netic flux concentration. Additional structural and dimensional
specifications are illustrated in Fig. 13. The MOSFET used
is a CGE1M120080, and the receiving-side rectifier circuit
comprises four MBR20200 diodes. The electronic load is used
to simulate the equivalent load.

A. ZVS Condition
Figs. 14(a) and (b) illustrate the soft-switching waveforms

at different operating conditions. At an operating frequency of
100 kHz and a 50% duty cycle, the measured amplitudes of
UDS(t) are 455 V for aligned and 459 V for misalignment.
The ZVS margin remains nearly constant despite variations in
the misalignment.
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Fig. 13. Photograph of the proposed dual-frequency single-ended IPT
converter.
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Fig. 14. Waveforms of ZVS.

B. Misalignment Tolerance

Fig. 15 illustrates the current waveforms of the proposed
circuit under both aligned and maximum misalignment condi-
tions of the coils when R = 30 Ω. As clearly demonstrated
in Fig. 15(a), when the coils are properly aligned, the output
voltage (UO) measures 72.305 V and the output current (IO)
measures 2.3933 A, the RMS value of the transmitting coil
current (iP) measures 4.188 A, while that of the receiving
coil current (iS) is 2.438 A. In contrast, the corresponding
output voltage and current values presented in Fig. 15(b)
under maximum misalignment condition are 72.332 V and
2.609 A. And the coil currents are 4.358 A and 2.502 A for
the transmitting and receiving coils, respectively. Furthermore,
Fig. 16 displays the waveforms of output voltage, output
current, and coil currents when the load is 30 Ω and the
displacement ∆r is continuously varied from 0 mm to 40 mm.

Notably, during the entire displacement process, both UO and
IO remain virtually constant. Fig. 17 and Fig. 18 illustrate
the corresponding waveforms under a light load (R = 7.5 Ω).
Comparative analysis of the output voltage and current (UO

and IO) characteristics between these two scenarios reveals
that the occurrence of coil misalignment does not exhibit
a significant impact on the operational performance of the
proposed circuit.

Fig. 19 characterizes the output current variation with
respect to displacement. At maximum displacement
(∆r=40 mm), the output current slightly exceeds the
rated output level, which aligns with the theoretical design
illustrated in Fig. 7.
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Fig. 15. Voltage and current waveforms when R = 30 Ω.

UO [CH1, 10V/div] IO [CH2, 1 A/div]

iP [CH3, 8 A/div] iS [CH4, 8 A/div]

r = 0 mm r = 40 mmr = 0 to 40 mm

UO [CH1, 10V/div] IO [CH2, 1 A/div]

iP [CH3, 8 A/div] iS [CH4, 8 A/div]

r = 0 mm r = 40 mmr = 0 to 40 mm

Fig. 16. Coil currents and output waveforms versus ∆r when R = 30 Ω.
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Fig. 17. Voltage and current waveforms when R = 7.5 Ω.
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Fig. 18. Coil currents and output waveforms versus ∆r when R = 7.5 Ω.

C. Load-independent Output

Fig. 20 presents the load switching experiments of the pro-
posed circuit with the coil currents as the reference waveforms
under both aligned and maximum misalignment conditions.
Notably, in both operational scenarios, when the load changes
from 3 Ω to 30 Ω, the output current (IO) of the proposed
circuit remains virtually constant. Furthermore, Fig. 21 shows
the output current versus load condition in the case of aligned
and maximum misalignment. The load range is 3-30 Ω. The
experimental evidence demonstrates conclusively that the pro-
posed methodology ensures approximately load-independent
characteristics of the output current, regardless of whether
coil misalignment occurs in the system. The experimental

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30 35 40
r (mm)

I O
U

T
 (

A
)

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30 35 40
r (mm)

I O
U

T
 (

A
)

(a) R = 30 Ω

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30 35 40
r (mm)

I O
U

T
 (

A
)

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30 35 40
r (mm)

I O
U

T
 (

A
)

(b) R = 7.5 Ω

Fig. 19. Output current versus ∆r.

verification in Section IV.C and Section IV.D shows that the
proposed method can improve the misalignment tolerance in
a wide load range.
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Fig. 20. Output and coils currents waveforms when the load switches.

D. Efficiency

Fig. 22(a) quantifies the DC-to-DC conversion efficiency
under various misalignment conditions. With a 30 Ω load,
the system efficiency reaches approximately 90.07% under
alignment and maintains above 85% even at maximum dis-
placement (∆r=40 mm).

To elucidate the cause of efficiency degradation, Fig. 22(b)
illustrates the power loss distribution of the system under both
aligned and maximum misaligned conditions. Here, Ploss,a and
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Fig. 21. Output current versus load condition.
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Fig. 22. Efficiency and power losses when R = 30 Ω.

Ploss,b denote the power losses under alignment and maxi-
mum misalignment, respectively. Specifically, as the coupling
coefficient decreases, the operating principle of the proposed
method leads to an increase in the current through the coil
and inductor to compensate for the output variation induced by
misalignment, thereby resulting in corresponding power losses.
Furthermore, misalignment results in higher switch conduction
current, thereby increasing the conduction loss of the switch.

V. CONCLUSION

To enhance omnidirectional misalignment tolerance across
a wide load range and avoid increasing the complexity of the
magnetic couplers and control circuits, this paper proposes a
dual-band complementary compensation for a 2-coil single-
ended IPT converter. Based on the high second harmonic
content in a single-ended IPT inverter, the proposed method
establishes power transfer channels for the second harmonic
generated by the inverter, while simultaneously utilizing it to
counteract output fluctuations caused by misalignment con-
ditions. A prototype with a 2.4 A load-independent output
current and 172.8 W output power has been developed.
Experimental results demonstrate that the circuit enhances
omnidirectional misalignment tolerance across a wide load
range and maintains a load-independent output within different
operating conditions. And the proposed method maintains
stable output current within the investigated misalignment
range while achieving a transfer efficiency exceeding 85%.
Moreover, compared with other dual-frequency resonant meth-
ods, the proposed method is independent of the design of the
magnetic coupler and exhibits universal applicability to 2-coil
magnetic couplers with arbitrary parameters.
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