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Abstract

In wireless charging applications, the constant current (CC) charging process is a critical stage that garners significant attention. This paper presents a novel
S/SP compensation topology that achieves load-independent CC output, as well as offering significant design flexibility. To minimize rectification losses
across the rectifier diodes during CC output, a full-wave rectifier structure is selected for the wireless power receiver. Building upon these considerations,
this paper innovatively proposes an inductor reuse scheme between the S/SP compensation topology and the full-wave rectification structure. The
proposed reuse design approach enables zero phase angle (ZPA) operation and configures the wireless power transfer (WPT) system as a cascaded
arrangement of an S/S compensation topology and a full-wave rectifier. The efficacy of the proposed design is validated using a 6-A CC output prototype,
and experimental results demonstrate a maximum +1.3% output current fluctuation. The prototype achieves inverter soft-switching operation and a 94.2%

peak efficiency across a four-fold load variation range.
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Introduction

Wireless power transfer (WPT) has emerged as a highly conve-
nient and transformative technology that enables the transmission
of electrical energy without physical contact. This inherent non-
contact capability positions WPT with significant application pro-
spects across a diverse range of fields, including but not limited to
electric vehicles, consumer electronics, biomedicine, and various
industrial sectors!'-6l,

In wireless charging applications, constant current (CC) charging
constitutes the predominant operational phase, which necessitates
that the WPT system maintains a stable CC output across a specified
range of load conditions!”:8l. Commonly employed CC output com-
pensation topologies include S/~ and LCC/LCCI'2-14 compensa-
tion. The LCC/LCC topology, classified as a compound high-order
compensation topology, offers advantages in both safety and stabi-
lity. However, the numerous resonant components lead to signifi-
cant loop losses, which inherently limit improvements in system
conversion efficiency. Conversely, the S/S compensation topology
boasts a simpler structure and higher conversion efficiency. Never-
theless, under open-loop conditions, the transmitter enters a short-
circuit state upon load removal, compromising safety. While
methods to compensate for leakage inductance in the transmitter
can prevent the system from entering a short-circuit state, with the
introduction of only one additional compensation component. An
S/SP topology is proposed based on compensating for the leakage
inductance of coupling coils, achieving zero phase angle (ZPA) while
avoiding potential dangers under no-load conditions('*l. Building
upon this work, scholars optimized the compensation parameters
and proposed an anti-offset S/SP compensated topology, achieving
low output fluctuation under wide load and coupling rangesl'cl.
Nevertheless, all these studies concentrate on constant voltage
output, and a CC output topology with leakage inductance compen-
sation has not yet been investigated. Consequently, it is meaningful
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to explore a novel topology based on partial compensation of coil
self-inductances that can achieve high safety, high efficiency, and
CC output under open-loop conditions.

In WPT receivers, to maximize output capability, a full-bridge rec-
tifier or a full-wave rectifier is typically chosen as the AC-DC conver-
sion device. When a full-bridge rectifier is applied, two rectifier
diodes are connected in series in the circuit at the same time, lead-
ing to higher voltage drop and power loss!'”l. When a full-wave
rectifier is applied, only one rectifier diode operates at any given
moment, resulting in lower voltage drop and power loss. However,
the magnetizing inductance of the center-tapped transformer in
a full-wave rectification structure can disrupt ZPA operation. There-
fore, this paper argues that proposing a novel structure integrating
the magnetizing inductance of the center-tapped transformer from
the full-wave rectifier into the resonant network is significant.

To summarize, this paper proposes a reuse design method for a
CC output WPT system using an S/S compensated full-wave rectifier
structure. The main contributions of this paper include: (1) a novel
CC output S/SP compensation structure that achieves both high
efficiency and safety, as well as offering significant design flexibility;
(2) a multiplexing method that incorporates the transformer magne-
tizing inductance from the full-wave rectifier structure into the reso-
nant network, achieving theoretical ZPA and practical inverter soft-
switching operation.

Materials and methods

This section provides a detailed derivation of the resonant rela-
tionships for the S/SP CC output compensation topology, which
compensates for the partial self-inductances of the coupling coils.

Concurrently, it explores the design principles of the proposed
S/S compensated WPT system, which utilizes the magnetizing in-
ductance of the full-wave rectifier transformer for dual functionality.
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System overview

The proposed S/S compensated CC output WPT system is shown
in Fig. 1. The system consists of a cascaded inverter, coupling coils
with their series compensation topology, and a full-wave rectifier,
ultimately outputting a constant DC current /, within a specified
load range. The full-wave rectifier structure employed utilizes a 1:1:1
center-tapped tightly coupled transformer, and the magnetizing
inductance effect cannot be negligible.

Full-wave rectifier modeling

The full-wave rectifier configuration employing a center-tapped
transformer exhibits two operational states within a single period:

State I: As depicted in Fig. 2a, with a positive transformer input
voltage, current flows from the L, winding to the load. Based on the
dot convention of the transformer, the Lg, winding remains in a
cutoff state due to the diode's unidirectional nature.

State lI: As depicted in Fig. 2b, with a negative transformer input
voltage, current flows from the Lg, winding to the load. Based on the
dot convention of the transformer, the Lgz; winding remains in a
cutoff state due to the diode's unidirectional nature.

The modal analysis reveals that the full-wave rectifier structure
with a center-tapped transformer can be equivalently modeled as a
1:1 tightly coupled transformer driving a resistive load. As illus-
trated in Fig. 3, the secondary winding L satisfies the relationship
presented below:

Lg=Lg1 =Lz )]

lllustrated in Fig. 3, this circuit model can be transformed into an

equivalent parallel arrangement of the magnetizing inductance L,

of a 1:1 transformer and an equivalent resistive load R,,. The circuit
parameters are defined as

Lm = LT = LR
_8R, 2
R="2

SV
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The proposed S/S compensated WPT system utilizing full-wave

Fig. 1
rectification.
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Fig.3 Equivalent circuit of employed full-wave rectifier.
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S/SP compensation topology and reuse design

A novel S/SP CC output compensation topology is proposed in
this article, whose equivalent AC circuit is depicted in Fig. 4. The
S/SP compensation incorporates series resonant capacitors on both
the primary and secondary sides. The magnetizing inductance L, of
the center-tapped transformer is employed to achieve CC output. In
the analysis of two-port networks, the criteria for a CC output WPT
system can be elucidated via the impedance transformation matrix.

The transformation relationship of the two-port network illus-
trated in Fig. 4 can be formulated as a matrix representation:

Vin —A Vo 3
]2 ®

Where the transmission matrix A can be represented as

“

a a
A:A,,AMAS:{ " lz]

az) ax

From the transformation relationships, the expressions for each of
the matrix elements can be determined as:
Z;] +Zs2 1

1
= Z,—— 4z, L2
an " ZSZ rl ZJ‘Z Zm
1
ap = —Zm +Zplle Z_
m
5
Z:'l +Zo 1 ( )
a) = —F5— 5
ZSZ Zm
an =7y 7
m

The expressions for the respective intermediate variables are
given by

Zy = joM
Z, =Zp + jwl, (6)
Z, =Zg + jwL

In order to obtain load-independent CC output and ZPA, the
elements of the matrix need to meet the following conditions:
ay = 0
{ _ @)
ay = 0

Combining Egs (4)-(7), the impedance conditions for CC output
and ZPA can be derived as

Zy=0 ®)
Z,Z0 =17,

Where, Zs, is the reused reactance of the transformer magnetiz-
ing inductance, which is expressed as

Zyp = jwLy (9)

According to Eq. (8), given the parameters of the coupled coils,

the proposed S/SP compensated topology offers a higher degree of

design freedom compared to the conventional S/S topology. CC

output and ZPA can be achieved by satisfying the corresponding
product relationship instead of a fixed parameter combination.

Fig.4 Equivalent S/SP resonance circuit.
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Upon satisfying the aforementioned design principle, the load-

independent output current is given by
Vi Vi
*anl T oM (10)

Applying the proposed reuse design, the load-independent

output current for the WPT system can be derived as
8Vi
L= (1

From the derived results, it is evident that load-independent CC
output can be reliably achieved by meticulously designing the reso-
nant compensation based on Eq. (8). This approach not only simpli-
fies the output characteristics but also, when compared to conven-
tional series-series compensation methods, significantly enhances
the degree of design freedom offered by the proposed structure in
this paper. This added flexibility allows for more versatile system
optimization and adaptation to various operational requirements in
wireless charging applications.

Based on the established parameter design principles, it can be
understood that reactive power circulates within the coupling coils.
This phenomenon results in a minor extra power loss when con-
trasted with the traditional S/S compensation topology. Neverthe-
less, given that the proposed system employs a full-wave rectifier
with higher conversion efficiency, the overall DC-DC conversion effi-
ciency of the complete system will not show a notable difference
compared to a conventional S/S compensated WPT system.

ZPA operation

Drawing from the preceding derivations, it becomes evident that
a multitude of parameter combinations are capable of achieving
both CC output and ZPA. For the purpose of this analysis, one spe-
cific parameter combination has been selected and is meticulously
presented in Table 1.

With the reuse design above, the input impedance of the full-
wave rectifier can be formulated as

JOMR,,

Zpe= —— (12)
JoM +R,,

The equivalent load Z;, of the inverter can be expressed as

Zin = (Zre_j‘UM)”j‘UM (13)
Z;, can be simplified to:
JjoM(wM)?
jwM +R, M)?
SR L L TR L (14)
(CUM)Z . Req
-— +]wM
JoM + R,

Equation (14) indicates that the equivalent input impedance is
resistive, which enables the system to realize ZPA at the designated
frequency.

As illustrated in Fig. 5, the system's ability to maintain ZPA at
the designated 100-kHz operating point is conclusively confirmed
by the consistent input impedance angle observed across varying
load conditions. This demonstrates the robust performance of the
system in achieving resonant operation regardless of changes in
the load. Besides maintaining ZPA consistently at 100-kHz, another

Table 1. A parameter combination following the proposed design
methodology.

Part Value Part Value

f 100 kHz Req 1.5-6.5Q

G 253nF L, 120 uH

G 21.1nF L, 120 pH

M 20 pH L. 20 pH
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zero-degree line exists. This implies that if the system operates at a
frequency other than 100 kHz, the complex pulse frequency modu-
lation is necessary to achieve load-independent ZPA. In such cases,
CC output also cannot be guaranteed; thus, parameter design
should not be based on this 0-degree line.

Results

The experimental prototype, which faithfully reconstructs the
WPT system illustrated in Fig. 2, is shown in Fig. 6. The center-
tapped transformer for the full-wave rectifier in the prototype was
designed based on the AP method, consistent with conventional
full-wave rectifiers, yielding a turns ratio of 1:1:1.

The full-wave rectifier utilizes a center-tapped transformer wound
on a PQ35-35 ferrite core. The rectifier diodes are MBR20200CTG.
The full-bridge inverter employs IRF640NPBF MOSFETs, driven by
the IVCO1A02DR gate driver. Measurements were performed using
an SDS2204X oscilloscope with a sampling rate set at 2 GSa/s. The
relevant parameters listed in Table 2 are determined strictly accord-
ing to the proposed design method.

When the load resistances are 2-Q, 5-Q, and 8-Q, respectively, the
inverter output waveforms are shown in Fig. 7. The experimental
results indicate that the inverter's equivalent load is weakly induc-
tive, the system maintains a good resonant state, and no significant
voltage spikes are observed at the inverter output.

Soft-switching operation of the inverter is typically characterized
by the absence of voltage spikes in the output. As illustrated in
Fig. 8, the Vps and Vs waveforms of the inverter's MOSFETs are
measured under loads of 2-Q, 5-Q, and 8-Q. The test results demon-
strate that the inverter consistently achieves soft-switching opera-
tion throughout the specified load range. As the load increases,
the prototype's soft-switching margin decreases. In practical

6.5

&~ w
w w

5%}
W

Resistance(€2)

2.5

90 95 100 105 110
Frequency(kHz)

Fig. 5 Equivalent impedance angle (degrees) at varying loads and
frequencies.

e Electronic load
Fig.6 Experimental prototype setup.
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Table2. System parameters setup.

Part Value Part Value
v, 100V 1) 200z rad/s
G 255nF L, 120.8 pH
G 21.2nF Ly 119.6 pH
M 21.5 uH L 21.5 uH
¢ 200 pF R 2-8Q

applications, the soft-switching margin can be adjusted by tuning
the relative values of the coupling coil mutual inductance M and the
secondary impedance Zj,, thereby enabling high-efficiency inverter
operation.

The successful suppression of voltage spikes, coupled with the
soft-switching operation of the inverter, serves as compelling valida-
tion for two key achievements: the realization of ZPA and the over-
all effectiveness of the proposed design method. This dual outcome
underscores the robustness and precision of our approach.

A thorough evaluation confirms that the proposed WPT system
achieves outstanding CC output performance. Across a significant
load variation, spanning from 2-Q to 8-, the observed deviation of
the output current from the desired 6A rated value is exceptionally
small, consistently less than 0.1-A.

Moreover, the system's ability to maintain a stable transient out-
put current when subjected to sudden load changes is a crucial

a
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™ ,
— ig [2A/div]
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] T BT
oM ETe 6 TmA S00kpts  100GSMS B L
b
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t [Sus/div]
] T BT
oM 6 TmA Sotkpts  1.00G5ws fH =]
C
vg [50V/div]
— K
[
ig [SA/div]
t [Sus/div]
= il [
- = = e Tty o8 Lh

Fig.7 The inverter output waveforms with different loads. (a) R, = 2-Q.
(b) R, = 5-Q. (c) R, = 8-Q.
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attribute. This dynamic stability is visually and quantitatively
demonstrated by the output waveforms depicted in Fig. 9, which
illustrate its precise response to step-wise changes in load
resistance.

A slight reduction in output current is observed with an increas-
ing load. This phenomenon occurs because the input impedance of
the rectifier can be characterized by an equivalent parallel resis-
tance-inductance model. Consequently, as the load increases, the
current diversion through the parallel inductive branch intensifies,
leading to a marginal decline in output current.

Upon a sudden increase in load, a positive voltage spike is theo-
retically anticipated, attributed to the instantaneous surge in the
charging current of the output filter. Nevertheless, given the ample
design margin of the prototype's filtering components, no signifi-
cant voltage spikes were observed during load step changes. The
transient response also remained notably gradual.

In addition to the minimal output current fluctuation, the proto-
type exhibits high overall efficiency within the specified load range,
as shown in Fig. 10a. Within this range, the system's output power
increases rapidly with increasing load. However, due to the CC
output, the rise in system losses is not particularly significant, result-
ing in a continuous upward trend in efficiency. At the rated 5-Q
load, as presented in Fig. 10b, the system achieves a conversion effi-
ciency of up to 92.6%.

a
vps [25V/div]
— AW
ves [SV/div]
t [1us/div]
B T W
i b am o i S o
b
vps [25V/div]
| AW
vgs [SV/div]
t [Lus/div]
B o E oE [T
- P v s 98 1A
C
vps [25V/div]
AW
ves [SV/div]
t [1us/div]
B oo E 53 e ciac
- Vet ot B ihm

Fig. 8 Vps and Vs of inverter MOSFETs with different loads. (a) R, =
2-Q. (b) R,=5-Q. (c) R, = 8-Q.
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Fig. 10  System efficiency performance. (a) Overall efficiency with
different loads. (b) The overall efficiency at rated load.

Discussion

A novel design method is presented in this paper, wherein the
magnetizing inductance of a full-wave rectifier structure transfor-
mer is repurposed as the resonant inductance for S/SP compensa-
tion. Both theoretical analysis and experimental validation confirm
the significant efficacy of this approach. Distinct from conventional
LCC/LCC and S/S compensation topologies, the S/SP configuration
uniquely combines several benefits: CC output, inherent safety
under open-circuit load conditions, and high efficiency. The integra-
tion with a full-wave rectifier and the ingenious reuse of the magne-
tizing inductance not only capitalize on the full-wave rectification's
low power losses but also enable ZPA operation and inverter soft
switching. It is anticipated that the proposed S/S compensation
scheme, with the innovative reuse of the full-wave rectifier's magne-
tizing inductance, will offer a promising new avenue for the practi-
cal implementation of WPT systems.

Conclusions

A novel S/S compensation CC output scheme, which intelligently
reuses the magnetizing inductance of a full-wave rectifier

Cai et al. Wireless Power Transfer 2025, 12: e034
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transformer, is presented in this paper. This design precisely inte-
grates the full-wave rectifier transformer magnetizing inductance
into the resonant network, while also compensating for the partial
self-inductances of coupling coils, thereby enabling highly accurate
CC output across a defined load spectrum. Experimental validation
confirms the exceptional output stability and conversion efficiency
of the proposed methodology. Specifically, a steady 6-A output
current is maintained, with less than 1.3% fluctuation, throughout a
load range of 2-Q to 8-Q. Furthermore, the inverter consistently
maintains soft switching operation across this entire load range,
contributing to high conversion efficiency, exemplified by a 92.6%
efficiency at the rated 5-Q load. This innovative reuse design holds
significant promise as a practical solution for various applications.
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