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Abstract—Improving power density and system integration is
a pivotal focus for wireless power transfer (WPT) in portable
devices. However, challenges, such as misalignment tolerance and
power fluctuation persist. This letter introduces a robust solution
utilizing secondary independent PWM control. A coil structure
combining solenoids and reverse windings ensures passive mis-
alignment tolerance, while a grooved magnetic core integrates
the converter, optimizing compactness. In addition, the secondary
PWM control achieves precise output voltage regulation without
communication. A high-power-density WPT prototype validates
the proposed coupler and control method, demonstrating less than
1% output voltage fluctuation under a 50% misalignment and
maintaining over 89% efficiency at 100 W. The secondary device is
highly compact, measuring only 60 mm × 30 mm × 7.5 mm and
achieving power density of 7.41 W/cm3.

Index Terms—High power density, misalignment tolerance,
receiver control, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) has become widely
adopted due to its inherent safety, convenience, and

reliability [1], [2]. Recent advancements have focused on high-
power-density WPT systems for consumer electronics and
portable devices. Higher power density facilitates smaller, more
compact designs, enabling seamless integration with electronic
devices [3]. However, these benefits come with challenges,
particularly in misalignment tolerance.

While antimisalignment coil designs, such as double-d (DD)
or bipolar (BP) coils [4], [5], can enhance tolerance, their com-
plexity often conflicts with the goal of compact, high-density
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systems [6], [7]. Traditional designs neglect the placement of
converters, resulting in low system integration and increased
volume.

Efforts to improve misalignment tolerance through coupler
designs have shown limited success, as output voltage deviations
persist under varying conditions. Existing solutions, such as
additional dc–dc stages [8] or tunable compensation components
[9] and [10], add complexity and inefficiency. Secondary active
rectifiers with phase shift modulation (PSM) achieve precise
voltage regulation without communication [11], [12] but disrupt
inverter zero-phase angle (ZPA) operation, reducing efficiency.
Similarly, pulse density modulation [13], [14], [15] control
suffers from reduced sensitivity and increased voltage ripple.

This letter introduces a compact WPT system with secondary-
side independent pulse width modulation (PWM) control. The
proposed system combines a robust misalignment-tolerant cou-
pler, featuring solenoid coils, reverse windings, and a grooved
magnetic core, with PWM-controlled secondary full-bridge rec-
tifier for precise and communication-free voltage regulation.
Experimental results confirm the system’s high misalignment
tolerance, compactness, and reliable voltage control.

II. COMPACT COUPLER DESIGN

The proposed compact coupler consists of a primary coil, a
secondary coil, an auxiliary phase-detection coil, and a grooved
magnetic core, as illustrated in Fig. 1(a). A cross-sectional view
along the YOZ-plane is shown in Fig. 1(b). Both primary and
secondary coils employ a multilayer and multiturn solenoid
winding technique to maximize magnetic coupling within a
limited volume.

While the solenoid structure enhances magnetic field unifor-
mity, considerable fluctuations in mutual inductance persist at
different positions. To mitigate this issue, the geometric param-
eters of the primary coil are optimized, and a small reverse
winding is introduced at its center. This modification reduces
mutual inductance at aligned positions while enhancing it at
misalignment boundary regions, thereby achieving a more uni-
form mutual inductance distribution.

Finite element analyses (FEA) are conducted to determine the
optimal coil configuration. Based on the winding-by-winding
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Fig. 1. Compact coupler design. (a) 3-D model. (b) Cross-sectional YOZ-
plane.

Fig. 2. Variation of mutual inductance with misalignment. (a) Without reverse
winding. (b) With reverse winding.

design method proposed in [16], the turns and direction of the
outer solenoid coil are fixed, while the turns and axial position
of the reverse winding are optimized. The primary coil consists
of three layers with a total of nine turns, and the secondary
coil comprises three layers with six turns. In addition, a single-
layer reverse winding with two turns is embedded within the
primary coil and connected in series. To prevent the primary
magnetic flux from penetrating the recessed space, a thin layer
of magnetic shielding material is positioned behind the reverse
winding. As shown in Fig. 2, the mutual inductance variation
with and without the reverse winding demonstrates that the ratio
between the maximum and minimum mutual inductance across
the entire misalignment range is reduced from 1.33 to 1.17.

In addition, a phase-detection auxiliary coil is placed at the
base of the secondary coil. Its outer and inner sections are
wound in opposite directions to eliminate cross-coupling with
the secondary coil. The synchronization process of auxiliary coil
will be detailed in Section III.

A grooved ferrite magnetic core is embedded within the
solenoid coil, creating a low-reluctance magnetic path and en-
hancing coupling. The grooved design forms a shielded space
within the core for housing the inverter or rectifier.

The geometric parameters of the coupler are listed in Fig. 1.
The secondary side is highly compact, with dimensions of

Fig. 3. LCC-S compensated WPT topology.

60 mm × 30 mm × 7.5 mm. The FEA results are depicted in
Fig. 2, showing stable mutual inductance across a misalignment
range up to 50% of the secondary dimensions.

III. TOPOLOGY AND SECONDARY-SIDE PWM CONTROL

The proposed coupler design effectively stabilizes mutual
inductance; however, due to inherent parasitic parameters, such
as resistance, the implementation of active synchronization con-
trol remains essential to ensure precise and controllable output
voltage regulation. To address this challenge, a secondary-side
PWM-based voltage regulation method is proposed. The fol-
lowing analysis and derivation are conducted using the LCC-S
topology as a representative example.

A. LCC-S Compensated Topology

The LCC-S compensated topology, as illustrated in Fig. 3,
consists of a symmetrical half-bridge inverter and an active
rectifier. VIN (VO), vP (vS), LP (LS), M, and RL are the pri-
mary (secondary) dc voltage, ac voltage, coil self-inductance,
mutual inductance, and load resistance. iF is the inverter output
current, iP and iS are the primary and secondary coil currents,
respectively. ZEQP and ZEQS are the equivalent impedances of
the inverter and rectifier, respectively. LF, CF, CP, and CS are
the compensation parameters, with their resonant relationship as

ω = 1
/√

LFCF = 1
/√

(LP − LF)CP = 1
/√

LSCS (1)

where ω is the system operating angular frequency.
Based on first harmonic approximation (FHA) and Kirch-

hoff’s voltage law and neglecting parasitic resistances, the equiv-
alent impedance of the inverter and rectifier are

ZEQP =
8L2

F

π2M2
RL, ZEQS =

8

π2
RL. (2)

The dc output voltage is expressed as

VO =
π

2
√
2
VS(1) =

M

2LF
VIN (3)

where VS(1) is the fundamental component of vs.
The inverter equivalent impedance remains purely resistive,

enabling ZPA operation. The system exhibits load-independent
constant-voltage characteristics.

B. Working Principle

The conventional PSM control, such as rectifier internal phase
shifting, induces phase changes in the rectifier input voltage
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Fig. 4. Key waveforms of proposed PWM control.

Fig. 5. Equivalent circuits of active rectifier. (a) Stage I. (b) Stage II. (c) Stage
III. (d) Stage IV.

and reactive impedance that disrupts the ZPA operation. This
increases switching losses and reduces efficiency.

A secondary-side PWM control method to resolve phase shift
issues is introduced. By modulating the duty cycle of the active
rectifier, the method creates an odd symmetrical three-level volt-
age that ensures the phase of the fundamental voltage remains
constant while achieving precise output voltage regulation. The
key waveforms are illustrated in Fig. 4.

The duty cycle DS represents the high-level ratio of the
rectifier upper switches S3 and S5, with complementary PWM
signals for the lower switches, where DS ≤ 0.5. Each operation
cycle is divided into four stages.

Stage I: (0, 2πDS], S3, and S6 conduct, as shown in Fig. 5(a).
At the end of Stage IV in the previous cycle, S4 and S5 are
hard-switching OFF under minimal current. During the subse-
quent deadband, the coil current iS transitions from negative to
positive, charging the parasitic capacitance (Coss3) of S3 and dis-
charging the Coss6 of S6, enabling zero-voltage soft-switching
of S3 and S6. At 2πDS, the unchanged current direction inhibits
the discharge of Coss4, leading to the hard-switching on of S4.

Stages II and III: (2πDS, 2π-2πDS], S4, and S6 conduct,
shown in Fig. 5(b) and (c). The input of rectifier is shorted. At
π, current naturally reverses direction. In the deadband around

Fig. 6. Variation of GV with secondary duty cycle DS.

2π-2πDS, S6 hard-switching on while the coil current iS remains
unchanged, charging the output capacitances Coss6 and Coss5,
and enabling the soft-switching on of S5.

Stage IV: (2π-2πDS, 2π], S4, and S5 conduct, as shown in
Fig. 5(d). Coil current iS power the load. At the end of Stage
IV, 2π, S4, and S5 hard-switching OFF under minimal current,
initiating Stage I of the next cycle.

Compared to conventional PSM, which involves up to four
hard-switching on events per cycle, this method requires only
one hard-switching on event. This significantly reduces switch-
ing losses, simplifying control, and improving efficiency.

C. Voltage Gain Analysis

Based on Fig. 4, the input voltage of the rectifier can be derived
by FHA as

vS(1) =
4VOsin

2(πDS)

π
sin(ωt). (4)

To examine whether the current undergoes a phase shift, the
output dc current expression is derived under the assumption
that iS lags the voltage VS(1) by a phase angle θ, namely

IO =
1

2π

[∫ θ

0

−IS sin(ωt− θ)dωt

+

∫ 2πDS

θ

IS sin(ωt− θ)dωt

+

∫ 2π

2π−2πDS

−IS sin(ωt− θ)dωt

]

=
IS
π

[1− cos(2πDS) cos θ] (5)

where IS represents the magnitude of the secondary coil current.
Conservation of active power before and after rectifier yields

POUT = VSIS cos(θ) = VOIO. (6)

This means the phase angle θ = 0, indicating that VS(1) and
IS are in phase. ZEQS is thus purely resistive, expressed as

ZEQS =
VS(1)

IS
=

8sin4(πDS)

π2
RL. (7)

The voltage gain of the active rectifier can be defined as

GV =
VO

V̇S(1)

=
π

2
√
2sin2(πDS)

. (8)

Fig. 6 illustrates the variation of the voltage gain with the duty
cycle. By adjusting DS, the rectifier achieves a wide voltage gain.
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Fig. 7. Block diagram of the secondary PWM control.

Fig. 8. Photo of experimental prototype.

Fig. 9. Experimental results of load regulation.

To ensure efficiency, DS should be designed within [0.25, 0.5],
and GV within [π/2

√
2, π/

√
2].

D. Synchronization and Control Strategy

Conventional active rectifiers rely on input current phase
detection for switching logic, but this method is susceptible
to load variations, leading to phase instability under no-load
conditions. To ensure a stable primary-side phase reference, an
auxiliary phase-detection coil is introduced, decoupled from the
secondary coil while maintaining controlled coupling with the
primary coil. The induced signal is processed by a zero-crossing
comparator to generate a reliable synchronization signal for the
active rectifier.

The proposed PWM control strategy employs secondary-side
closed-loop proportional-integral (PI) regulation to directly ad-
just the duty cycle, achieving precise output voltage regula-
tion without communication. This framework operates with an

TABLE I
ELECTRICAL PARAMETERS OF THE PROTOTYPE

Fig. 10. Experimental results of misalignment.

Fig. 11. Dynamic waveforms of duty cycle transition.

open-loop primary side and is particularly suited for single-
transmitter, multireceiver systems. The control block diagram
of the proposed method is shown in Fig. 7.

IV. EXPERIMENTAL VALIDATION

An experimental prototype is developed based on the geomet-
ric parameters in Fig. 1 and shown in Fig. 8, with the parameters
summarized in Table I. The compact inverter and rectifier are
placed within the grooved magnetic core, and the active rectifier
measures only 40 × 11 × 3.5 mm3.

Under aligned conditions, the experimental results with a
100-V input voltage and a target output voltage of 20 V are
shown in Fig. 9. The proposed control method ensures a stable
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and precise output voltage regulation, achieving a load regula-
tion rate of less than 1%.

At 100-W output power, the misalignment results along the
X-axis and Y-axis are presented in Fig. 10. Across the entire mis-
alignment range, the output voltage fluctuation remains within
1%, and the system maintains a dc–dc efficiency exceeding 89%,
demonstrating good misalignment tolerance.

Fig. 11 illustrates the dynamic response to a change in the duty
cycle DS from 0.5 to 0.25. Following the transition, the output
voltage doubles, verifying the secondary-side independent volt-
age regulation capability. Meanwhile, the inverter output current
phase remains unchanged, maintaining constant ZPA operation.
Under the proposed method, the inverter consistently maintains
ZPA characteristic regardless of variations in duty cycle or load,
which ensures the preservation of zero-voltage-switching (ZVS)
operation.

V. CONCLUSION

This letter presents a compact WPT system featuring
secondary-side PWM control for precise voltage regulation and
robust misalignment tolerance. The innovative coupler design,
combining solenoid windings, reverse windings, and grooved
magnetic cores, achieves a stable mutual inductance across a
wide misalignment range. The integration of compact converters
within the magnetic core enhances system power density. The
proposed PWM control method enables wide voltage adjustment
ranges while preserving ZPA operation on the primary side.
Experimental results validate the effectiveness of the coupler
design and control method, achieving high performance with
minimal voltage fluctuation and high efficiency under misalign-
ment conditions.
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