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A Wireless Power Transfer System Based on Hybrid
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Abstract—This article proposes a wireless power transfer system
based on hybrid self-switching of coupled inductor that not only
realizes constant current (CC)/constant voltage (CV) output but
also effectively copes with a variety of abnormal working conditions
in the charging process by switching on the secondary side. First,
the LCC-LCCY/S self-switching composite topology is presented, and
the CC/CV switching is achieved by utilizing a coupled inductor
with a center tap based on the LCC compensation topology. The
working principle of the CC/CV topology and the parameter cal-
culation flow are analyzed in detail. Subsequently, the impedance,
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output characteristics, and switching characteristics of the CC/CV
topology are simulated and analyzed. In addition, the topology’s
stability under abnormal working conditions, such as the missing
adjacency, load short-circuit, and load open-circuit, is analyzed.
Finally, an experimental platform is constructed with the objective
of verifying the feasibility and effectiveness of the proposed scheme.
The experimental results demonstrate that the proposed charging
system exhibits excellent CC and CV output characteristics without
the need for additional inductor capacitance. The proposed system
has a maximum output efficiency of 89.6%, a maximum current
of 5.3 A, and a maximum voltage of 23 V, which fully meets the
requirements of CC and CV wireless charging.

Index Terms—Constant current/constant voltage (CC/CV),
coupled inductor, LCC-LCC/S compensation, wireless power
transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) technology is a rapidly
W evolving field that is fundamentally altering the land-
scape of energy supply. By facilitating noncontact energy trans-
fer, WPT is poised to become a pivotal enabling technology
for various applications, including electric vehicles, consumer
electronics, industrial IoT, and implantable medical devices [1],
[2], [3]. Dynamic wireless charging technology is expected to
effectively alleviate mileage anxiety and drive the low-carbon
transformation of the transportation sector as people’s demand
for convenience, safety, and reliability increases [4]. In the
medical field, the noninvasive charging of implantable devices
imposes higher requirements for the stability and safety of
the system [5]. However, the core challenges for large-scale
commercialization of WPT technology remain the achievement
of efficient and adaptive CC/CV output and the assurance of
system safety under complex working conditions.

In dynamic charging scenarios, the charging characteristics of
the battery necessitate that the system rapidly replenish energy
in constant-current mode during the initial phase and seamlessly
transition to constant-voltage mode as the battery approaches the
threshold to avert the risk of overcharging. Conventional solu-
tions rely on dual-frequency switching or dynamic adjustment of
compensation parameters [6], [7]. These solutions require com-
plex control algorithms and often result in efficiency degrada-
tion and electromagnetic interference due to frequent switching
of power devices. Abnormal working conditions, such as coil
offset, foreign object detection, and sudden load changes, may
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TABLE I
SUMMARY AND COMPARISON OF LITERATURE
Program literature Core method Advantage Disadvantage Corresp(?ndence
Category required
8] [9] Secondary-side capacitor Fast switching Large volume, high YES
Capacitor- array switching frequency loss
swli) tchin [10] Primary LCC Capacitor CV mode efficienc Resistant to coil NO
type & Segment Adjustment Y offset difference
[11]7[12]  Dual-frequency switching Wléi:nll;z(tiigll:ge Severe EMI YES
. . . S Mechanical
Inductively- [13] Mechanical Slide Coupling Wide 1mpedance structure prone to YES
Inductors matching range
regulated wear
type [14] Magnetic saturation control Non-contact and Temperature rise is NO
variable inductor long life significant
Multi-  [15][16] LCC/S switching CC/CV high High component NO
topology accuracy count and cost
L i High offset .
switching ~ [17] [18] LCC/LCC switching resistance Control complexity YES
Compact, efficient, Coupling inductor
Coupling p, . LCC-LCC/S coupling offset-resistant, - uifes Cgus oo NO
inductor p inductor self-switching autonomous- d desion
protection &

lead to system failures and even safety accidents in practical ap-
plications. Consequently, the development of a high-efficiency
WPT system with both adaptive CC/CV switching capability
and active anomaly protection mechanism has become a focal
point for both academia and industry.

Existing schemes have been shown to possess significant lim-
itations with regard to CC/CV switching and anomaly protection
(see Table I for a comparison of the core differences between the
LCC-LCC/S coupled switching scheme proposed in this article
and representative literature). The comparison indicates that
the existing schemes generally face the problems of complex
structure, difficult efficiency-volume tradeoff, or dependence
on communication. Conventional capacitive switching adjusts
the resonant frequency or impedance matching exclusively by
modifying the capacitance value, with a single adjustment di-
mension and limited adaptability to load/coupling changes. In
contrast, coupled inductor switching can simultaneously adjust
the equivalent inductance and coupling coefficient by changing
the position of the center tap, realizing CC/CV mode switch-
ing, considering the efficiency and stability. The impact of
high-frequency phenomena, such as equivalent series resistance
and parasitic inductance, on capacitors significantly impacts
efficiency and system performance. Coupled inductors, through
meticulous magnetic circuit design, effectively mitigate high-
frequency eddy current losses, enhancing system robustness.
It is important to note that when switching capacitors, voltage
jumps can easily lead to power device stress. Inductive switch-
ing, through flux continuity, naturally has a current gradient
characteristic, reducing transient impacts and lowering EMI risk.

In order to develop a more flexible and efficient wireless power
transmission system design, especially one that can automati-
cally adapt to different operating conditions, this article proposes

a wireless power transmission system based on a hybrid self-
switching coupled inductor (WPT-HSCI). The incorporation of
the self-switching mechanism enables the system to seamlessly
switch between constant-current and constant-voltage modes,
thereby facilitating adaptation to different charging require-
ments and abnormal operating conditions while maintaining
high efficiency and stable output. The innovation of this tech-
nology lies in its composite topology, which employs a coupled
inductor with a center tap. This design permits the generation of
constant-current and constant-voltage outputs without the need
for additional passive components, thereby markedly enhancing
the overall performance and reliability of the system. Further-
more, an experimental hardware platform has been constructed
with the objective of validating the rationality of the parameter
selection and the efficacy of the resonant topology network.

II. WPT SYSTEM BASED ON T-TYPE HYBRID TOPOLOGY
NETWORK

A. T-Network Topology Principles

Initial research of T-network focused on impedance matching
at the transmitter side, the T-network achieved 85% efficiency at
a distance of 20 cm but only supported single mode operation,
subsequent research [19] applied the T-network at the receiver
side to achieve dynamic load matching through variable capaci-
tance. Recent research results combine T-networks with switch
compensation, such as hybrid topology switching with variable
parameters [20]. These systems achieve dual-mode operation,
but suffer from 12%—15% efficiency degradation during mode
transitions, so hybrid topologies are proposed to overcome this
challenge.
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Fig. 1. T-equivalent circuit. (a) Voltage source excitation. (b) Current source
excitation.

The T-network possesses specific impedance matching and
signal transmission characteristics that can play a pivotal role in
wireless power transmission systems. It is utilized to enhance the
efficiency, stability, and reliability of wireless power transmis-
sion in terms of impedance matching, power distribution and
synthesis, and network structure optimization. This provides
substantial support for the advancement of wireless charging
and wireless power supply technologies.

The T-network is a third-order network topology based on
various combinations of network topology types and excitation
source types. Its corresponding T-Equivalent circuit diagram,
as illustrated in Fig. 1, is obtained by applying the appropriate
network topology and excitation source types.

In the equivalent circuit depicted in Fig. 1(a), the output
voltage and output current can be derived from the KVL as
follows:

o = 2.1 v
out Ro(Z1+Z2)+Z1 Za+Z1 Z3+Z2Z3 0 (1)
i = 2, Uy
out Ro(Z1+Z2)+21Zo+ 21 Zs+Z2Z3 ~ 1

From (1), under voltage source excitation, two fundamental
conditions govern the system behavior: CC Condition and CV
Condition.

WhenZ,7Z, + 7,73 + 7573 = 0, the output current simplifies
to

Zy .

jou - 7Ulﬂ
" Ry (Z1 + Z»)

(Independent of R,).  (2)

When Z; + Z, = 0, the output voltage reduces to

. T .
Uit = Z—jUi

(Independent of R,,) . 3)
In the equivalent circuit shown in Fig. 1(b), the output voltage
and output current can be derived from KVL as

- Z> /.
{L’m = Ro72577 Iin

’ — ZsRo '4 ’
Uou = Ro+Z3+2> Iin

“)

From (4), under the condition of current source excitation,
because Z; cannot tend to infinity, output current must be related
to the load, and the output of constant current (CC) cannot be
realized, but when Z; + Z3 = 0, output voltage is independent of
the load, and the constant voltage (CV) output can be realized,
and the value of output voltage is related to the value of Z;, and
the value of the voltage can be changed according to the actual
application.
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The input impedance of the T-type network in Fig. 1(a) is

Zy (Ro + Z3)

Ro+ 7o+ 73

Further simplification of (5) yields its imaginary part as

Zo+Z3) [ ZoZs+ 2y (Za+ Z3)|—(Z1+ Z3) R?
(Z2+ Z3)* — R? '

Zin =71 + s)

Im (Zin) = (

(6)

From (6), when the T-type circuit satisfies Z; + Z; = 0 and

Zy 4+ Z3 =0, the imaginary part of its input impedance is zero as

resistance, which is conducive to reducing reactive power loss.

The two-port network theory allows one to identify the fol-
lowing:

. ) 75U,
Iy = Gyl = 7
N 2o+ Z0 23 + 2y 7 2
. ) U,
o — UyUin — — . 8
U Gl 1+ 2,/Z ®)

In the equations, Gj, represents the mutual conductance gain,
while G, represents the voltage gain.

From (7), it can be observed that when the size of U in
remains unaltered, the size of its output current can be modified
by adjusting the values of Z1Z5, Z1Z3, and ZyZs. This allows the
system to achieve a CC output.

From (8), it can be observed that when the size of Uin is
maintained, the size of its output voltage can be adjusted by
modifying the value of Z;/Z,, thereby enabling the system to
achieve a CV output.

However, T-network is not possible for the network to simul-
taneously provide CV and CC outputs.

B. Switching Inductor Hybrid Self-Switching Based
LCC-LCC/S Network Topology

As previously demonstrated, the T-type network, when uti-
lized in isolation, is incapable of achieving a constant-current
and constant-voltage output on the secondary side, given that
the input impedance of the primary side is purely resistive. This
article proposes an alternative topology, a hybrid self-switching
of switching coupled inductor based on LCC-LCC/S resonant
network, which employs a coupled switching inductance. A
WPT-HSCI topology based on LCC-LCC/S resonant network
is illustrated in Fig. 2. In Fig. 2, U, represents the input dc
voltage, Q1—Q4 are the MOSFET tubes that form the full-bridge
inverter circuit, Ly, Cq, Cp, and Lo, Co, and C, constitute the
primary and secondary resonant networks, respectively, L, and
L are the self-inductance on the primary side coil and the
secondary side coil, respectively. Lg; represents the switching
compensation inductance on the secondary side coil. D;—D, are
the fast-recovery diodes that form the uncontrollable rectifier
circuit. S and S5 are two MOSFETS connected in series in reverse
to form an ac switch, whose internal structure is depicted in
Fig. 2. C, represents a filter capacitor; R, is the equivalent
resistance of the battery.

The operational states of switches S; and So result in two
distinct operational modes for the main circuit at the secondary
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Coupled ZS DI ZSD7
Inductor -
r Ro o
Co== [] Uoul
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Fig. 2. WPT-HSCI topology based on LCC-LCC/S resonant network.
TABLE I
RELATIONSHIP BETWEEN SWITCHING STATE AND OUTPUT MODE
Operating Compensation Switching
Mode Network State ] “
cc LCC-LCC s, ON, s, OFF Uo
CvV LCC-S S, OFF, 5, ON
Fig. 4. Equivalent circuit of the WPT system utilizing the LCC-S resonant
Z, Zccim Ziccint network.
L ¥
2
In the aforementioned figure, U in represents the inverter
c. r Mo fundamental output phase voltage, which can be expressed as
2 e 0
. 4U;
U = . ©)
\/§7r
R, i . .
22 The controlled voltage source is defined as the induced voltage
Fig. 3. Equivalent circuit of the WPT system utilizing the LCC-LCC resonant generated by the coupling mechanism mutual inductance M
network.

side. In the event that switches S; and S5 are in the ON or OFF
position, they will regulate the activation or deactivation of L; .
When S is activated and S5 is deactivated, L is disconnected
from the circuit and the system transitions to the CC charging
mode of the LCC-LCC topology. Conversely, when S is deacti-
vated and S is activated, L7 is connected to the circuit, initiating
the CV charging mode of the LCC-S topology. The relationship
between the switching state and the output mode is illustrated
in Table II.

III. HYBRID TOPOLOGY CHARACTERISTICS AND OPERATING
PRINCIPLES OF CC/CV

A. CC Characteristics and Operating Principle of LCC-LCC
Topology

Upon the activation of S; and the subsequent deactivation of
S, Lg1 is extricated from the circuit, thereby initiating the CC
charging mode of the LCC-LCC topology. Fig. 3 depicts the
fundamental equivalent circuit of the WPT system utilizing the
LCC-LCC resonant network.

Uy = —jwMI,

S A (10)
Usp = —jwM1,

In Fig. 4, R represents the equivalent load resistance of the

corresponding connection of the loop in which the secondary

side coil is located. This resistance is expressed as

8

Ry = —Ro. (11

The resonant frequency of the system is designated as fj.
When the system parameters satisfy (12) and (13), the output
characteristics are CC

1 1
VLG VIO
1 B 1
VGO (Ly— L) /Ci(Ly—Ls)
The analysis of the secondary resonant circuit based on the T-

network topology reveals that the secondary impedance Z1,ccin1
is

wWo = 27Tf0 = (12)

(13)

wo =27 fo =

wo?L3 + (Req + R2) R

14
Req + Ro (14)

Z1,CCin1 =
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By equating the secondary impedance to the primary, the
impedance Z,ccin2 is obtained as follows:

(.4.)02]\42 (Req + Rg)
wo2Lo? + Ry(Req + R2)’

Z1LCCin2 = (15)

Subsequently, the input impedance Z;,, of the primary side is

wo?L? + (Zrccin2 + Rp) Ra

Zin =
" ZLCCin2 + Rp

(16)

From (16), it can be seen that the input impedance Z;,, of the
LCC-LCC type system is purely resistive, which allows the ZPA
characteristic to be realized.

In the absence of parasitic internal resistance R; and R of the
primary and secondary compensation inductors, as well as the
parasitic internal resistance R, of the receiving coil, the system
primary output current /; and the secondary output current /,
can be calculated using Kirchhoff’s voltage law

' jwos
=Y (1)
Jwov/ L1 Lo

From (16), when the resonance compensation topology of
the WPT system is of LCC-LCC type, the output current of the
system is independent of the magnitude of the load equivalent
resistance. This indicates that the system is in the CC mode.

The ratio of the secondary output current [, to the inverter
output voltage U, is defined as G, which represents the mutual
conductance gain of the system

e T S
‘an| Wi/ L1 L2
From (19), it can be observed that the mutual conductance

gain of the system is contingent upon the coupling coefficients,
the resonant frequency, and the inductance parameter.

a7

19)

B. CV Characteristics and Operating Principle of LCC-S
Topology

When S is deactivated and S5 is activated, Lg; interrupts the
circuit and the system transitions to the CV charging mode of
the LCC-S topology. Fig. 4 depicts the fundamental equivalent
circuit of the WPT system utilizing the LCC-S resonant network.
Similarly, R, represents the equivalent resistance of the rectifier
and load circuit, while U, denotes the inverter output voltage.

The resonant frequency of the system is designated as fj.
When the system parameters satisfy the conditions set forth in
(18), the system exhibits a CV output characteristic

1 1 1

VIL:ICi (L, - L)C, L.Cs
(20)
The analysis of the secondary resonant circuit based on
the T-network topology reveals that the secondary impedance
ZSinl is

wo = 2mfo =

. 1
Zsin1 = jwolo + —— + Req.

- 21
0Ch 21

2917

Fig. 5. Impedance equivalent diagram of Cs,.

Equating the secondary impedance Zs;,1 to the primary side
yields Zgina

UJO2M2

—_— 22
Req + Ry 22)

Zsin2 =

The system primary input impedance, Z;,, is defined as fol-
lows:
2 wOQL% (Rg + Req)
wo2M?2 + R, (Rs + Req)

Zin=M (23)
From (23), it can be observed that the input impedance Z;,, of
the LCC-S type system is purely resistive. This implies that the
system is capable of attaining the ZPA characteristic.
In accordance with KVL, the primary resonant current, /i,
and the system output voltage, U,, are given by the following

expressions:
J— Uin
I = JwLy
Uo = kU; iny/ % .
The ratio of the system output voltage U, to the inverter output

voltage U, is defined as G, which represents the voltage gain
of the system

(24)

(25)

From (24), it can be seen that the LCC-S topology achieves
load-independent CV characteristics at full resonance. Further-
more, the input impedance Z;,, has no imaginary part and has
ZPA characteristics.

At this juncture, the C, impedance equivalent diagram is
depicted in Fig. 5. The calculation steps are as follows: the series
impedance of capacitor Cy and inductor L is

J

Zeo.ns1 = jwo (Ls1 + My) — . 26
2,051 = jwo (Ls1 + M) woCs (26)
The impedance in parallel with inductor Ly is
jwo (L + My) — 5| jwo (L + M)
| = - - - .27
" jwo (Lay + My) — ooy T Jwo (L2 + M)
The impedance in series with capacitor Cy is
_ J
Zy = Z, (28)

1 — .
WOCS
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The final total impedance in parallel with L is

Zg - jwolLs

= = — 'OJOMI.
Zsl +]w0Ls J

(29)
Set Z¢; dummy part O to solve L.
It is therefore possible to achieve the two-stage CC-CV
charging by rationally designing the primary and secondary side
parameters as well as the output power.

IV. PARAMETRIC DESIGN AND SIMULATION
CHARACTERIZATION

By examining the two resonant topologies of LCC-LCC/S,
it becomes evident that distinct characteristics of CC and CV
outputs can be achieved through the self-switching of the
secondary-side LCC resonant network, circumventing the ne-
cessity to augment the supplementary passive components and
switches. This, in turn, enhances the output characteristics of
the system and renders it more efficacious in practical applica-
tions. However, when selecting the inductance and capacitance
parameters of the resonant network, the traditional method relies
on empirical selection without a specific theoretical basis. This
makes the inaccuracy of parameter selection affect the trans-
mission power and efficiency of the wireless charging system.
Consequently, the parameters of the resonant network must be
designed and optimized.

A. Design of Coupling Coil and Coupling Inductance

The most common coil shapes utilized in WPT systems
are circular, rectangular, and DD-shaped. In contrast, the DD-
shaped coil is advantageous in maintaining the uniformity of
the air-gap magnetic field, possesses excellent magnetic field
regulation capability, and is suitable for dynamically changing
WPT systems. Consequently, the DD-shaped coil is selected in
this article. The structure and simulation results of the wireless
coil and coupled inductor are shown in Fig. 6. Ferrite rods are
placed inside the coil to enhance the mutual inductance between
the two pairs of DD coils, and the coupled inductor consists of
a magnetic ring and two coil windings. The magnetic ring used
in this paper is a 125 magnetic ring, and the designed coupling
inductance coupling coefficient k; obtained in Maxwell is 0.757.
Therefore, the mutual inductance can be calculated as

M1 = kl\/ leLQ.

According to the inductance of Ly and Ly, their turns simu-
lation is designed as N, = 6 turns for Ly; and Nz = 3 turns
for L.

(30)

B. Compensation Parameter Design

The following is a summary of the design process for the

proposed WPT-HSCI system.

1) The coil should be selected according to the rated power
and the resonant frequency. In this article, the coil resonant
frequency is set to 85 kHz.

2) Once the transmission distance has been determined, the
self-inductance of the coils and the primary transmitting
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Wireless Coil

Coupled inductor

Ferrite Ly Magnetic Ring L,

DD
Coil

<

Aluminum

o
01401
01301
01201
00901,
oos01
o
o
oo
o

Schematic diagram and simulation results of wireless coil and coupled

Fig. 6.
inductor.

coil L,,, the secondary receiving coil Ly, the coupling coef-
ficient k, and the mutual inductance M between each pair
of receiver and transmitter must be simulated or measured.

3) Calculate the load equivalent resistance of the coil and
use it as the respective load parameter. In this case, the
equivalent resistance is set to 3.5 €.

4) Determine the system input voltage U, CC point /,,, and
CV point U,.

5) Design the coil compensation parameters and calculate the
primary-side compensation inductance L, and secondary-
side compensation inductance Ly according to the reso-
nance conditions

MU,
Ly = . €29
_ (MUin) / (wolo)

6) The objective is to calculate the primary side shunt com-
pensation capacitance, designated as Cp, and the sec-
ondary side shunt compensation capacitance, designated
as Cy

Ci=—— (33)

7) Calculate the primary series compensation capacitance,
C,, and the secondary series compensation capaci-

tance, C,
C, = L (35)
P wi(Ly — L)
1
Cy = 36
= (L= L) (36)
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Z. (ohm)
=
n
o
w
o

in
=
Q
¢
wn

0 5 10 15 20

Req (ohm)
Fig. 7. Input impedance characteristics of LCC-LCC/S compensation net-
work.

8) Subsequently, the secondary-side switching compensation
inductance L, must be calculated, along with the output
power and efficiency of the wireless transmission system.
This allows for the determination of whether the afore-
mentioned parameters are appropriate. In the event that
they are not, the coupling inductance M; and the switching
compensation inductance Ly must be adjusted.

9) Finally, the actual system should be constructed based on
the aforementioned parameters.

In light of the aforementioned constraints and design prin-

ciples, the parameters of the system components can be deter-
mined.

C. Analysis of System Impedance and Output Characteristics

As illustrated in Fig. 7, the input impedance characteris-
tics of LCC-LCC/S compensation topologies exhibit significant
variations under different load equivalent resistances R, and
coupling coefficients k. When the coupling coefficient k remains
constant, the input impedance Z;,, of the LCC-LCC topology
demonstrates an approximately inversely proportional relation-
ship to R.q specifically, Z;,, decreases markedly as Req increases.
In contrast, the LCC-S topology shows a monotonic increasing
trend of Z;, with rising Ry, revealing fundamentally distinct
dynamic responses to load variations. This divergence originates
from structural differences in their compensation networks: The
LCC-LCC configuration employs dual-capacitor resonant com-
pensation, which enhances impedance transformation stability
under light-load conditions, while the LCC-S topology utilizes
series-inductor compensation to prioritize energy transfer effi-
ciency in heavy-load scenarios. These findings provide critical
theoretical guidelines for selecting and optimizing compen-
sation topologies in WPT systems under diverse operational
requirements.

Fig. 8 demonstrates the dual-mode operation characteristics
of CV and CC in an LCC-LCC/S compensated topology WPT
system. The horizontal axis represents the load resistance R,
while the left and right vertical axes denote the output current
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T ——T
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w
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Resistance (Q2)

Fig. 8.  Output characteristics in CC and CV mode.

and output voltage, respectively. The system operates in two
distinct regions based on load resistance variations.

CC Region (R < Rswitcn): In the low-resistance zone, the
resonant parameter design ensures a stable output current of
5.3 A. The power follows P = I’R, increasing linearly with
resistance.

CV Region (R > Rsyitcn): Beyond the switching point, the
system transitions to a CV mode, maintaining an output voltage
of 23 V. Here, the power characteristic adheres to P = U?/R,
exhibiting a hyperbolic decline as resistance increases.

By synergistically regulating the resonant parameters of the
LCC-LCCI/S topology, the system achieves enhanced dynamic
stability and transmission efficiency across a broad resistance
range. In addition, the system features adaptive capability, au-
tonomously maintaining CV or CC outputs through impedance
matching in response to load variations.

D. Abnormal Operating Conditions Analysis

In a WPT system, the transmitter side cannot directly sense
the actual load voltage and current at the receiver side. While
conventional overcurrent shutdown and overvoltage clamping
are passive and brute force, CC/CV topology switching aims to
provide an active control strategy to maintain the system in the
safe region under anomalies or to achieve smoother and smarter
protection. The nature of the anomaly of a load short circuit is a
direct short circuit (close to 0 €2) of the rectified output or load
at the receiver side. At this point, the receiving end tries to draw
an infinite amount of current, which can lead to instantaneous
current spikes, overcurrent/over-temperature due to the drive
system trying to compensate, and the risk of system crash.
Therefore, we would like to switch the transmitter control system
to CC mode as soon as a short circuit is detected or predicted, and
set the CC value below the safety threshold. Fig. 9(a) shows the
load-side voltage-current waveforms during load short-circuit in
constant-current and constant-voltage modes, and it can be seen
that the LCC-S topology cannot cope with the load short-circuit
situation. At this point the topology needs to be switched to
LCC-LCC to cope with the abnormal condition.
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TABLE III
SYSTEM STABILITY UNDER ABNORMAL OPERATING CONDITIONS

Abnormal operating LCC-LCC LCC-S
. . Automatic Automatic
M Al
issing Adjacency Response Response
Open circuit Over-voltage Pro.p o
Functioning
_— P
Short circuit ro‘per' Over-current
Functioning

The nature of the open load anomaly is a receiver-side payload
disconnect (infinite impedance), battery removal, poor contact,
or rear dc—dc protective disconnect. At this point there is arisk of
overvoltage and ineffective energy transfer at the receiver side,
which can lead to potentially worse overvoltage due to controller
operation without knowledge of the status of the receiver side.
Switching the transmitter control system to CV mode when an
open circuit is detected or when it enters light/no load is limited
to the desired output voltage at the receiver. Fig. 9(b) shows the
load-side voltage-current waveforms when the load is open in
constant-current and constant-voltage modes, and it can be seen
that the LCC-LCC topology is unable to cope with an open load.
At this point, the topology needs to be switched to LCC-S to
cope with the abnormal conditions.

Secondary side misses have some similarities to load opens,
but the hazards are more centered on safety issues such as
overheating at the transmitter and foreign body heating. Fig. 9(c)
shows the waveforms of the current flowing through the primary-
side device in the case of a secondary-side miss. In the case of a
secondary side miss, the current in the primary coil flows only
in Ly, C,, and C; with some flow loss, so regardless of whether
the secondary side miss occurs in the LCC-LCC or LCC-S
topology, the devices in the primary-side circuits do not suffer
from overcurrent, and they respond to charging automatically
without the need of any detection device.

The stability analysis of the LCC-LCC and LCC-S topologies
in response to various abnormal operating conditions is summa-
rized in Table III.

Abnormal operating condition waveforms. (a) Load voltage and current waveforms under open-circuited. (b) Load voltage and current waveforms under
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| LCC-LCC

CC to CV Signal | CC to CV Signal
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flow?
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Fig. 10.  Schematic diagram of switching process.

E. Switching Characterization

As shown in Fig. 10, the switching timing control scheme
designs the switching process. When the load voltage is greater
than 18 V and the load current is less than or equal to 7 A, the
system switches from the CC state to the CV state. When the
load voltage is less than 25 V and the load current is greater
than 7 A, the system switches from the constant-voltage state to
the constant-current state. In this case, switching from constant-
current state to constant-voltage state is equivalent to a step
signal from 1 to 0, while switching from constant-voltage state
to constant-current state is equivalent to a step signal from O to 1.
The system then evaluates the rising and falling edges of the step
signals, which poses a challenge to achieving accurate switching
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Fig. 11.  Voltage and current waveforms of S; and So during switching.

because the sampling frequency of the system is usually less
than 85 kHz. Therefore, the switching signals must be processed
again in the actual control.

Furthermore, the switching of §1 and S» must occur during the
negative current cycle of I 2. If the current flows through a diode
connected in antiparallel with VT4 and VT, it can be considered
areverse current, and the resulting voltage and current spikes will
be minimized. Therefore, this article employs a methodology
wherein the system judges both the falling and rising edges to
determine whether they occur during the negative current cycle
of I . If they do not, a delay of one cycle is initiated, after which
the process is repeated until the step occurs during the negative
current cycle of /. At this juncture, upon the detection of the
falling edge, the system will transition from the CC state to the
CV state. Conversely, upon the detection of the rising edge, the
system will transition from the CV state to the CC state.

As illustrated in Fig. 11, the output mode of the system can
be effectively and smoothly transitioned. The transient voltage
of the switching tube switching is significantly reduced, and
a small voltage spike will manifest at the switching instant.
Following a brief adjustment period, the voltage at the two ends
gradually reaches the resonance voltage in the circuit, effectively
eliminating the potential for a large voltage spike at the switching
instant.

V. EXPERIMENTAL DESIGN AND VALIDATION
A. Experimental Setup

In order to verify the correctness of the above analysis, a set
of experimental prototypes as shown in Fig. 12(a) is built, and
the parameters of the resonant circuit are shown in Table IV.
The whole main circuit consists of a dc power supply, a high-
frequency inverter, a primary-side LCC compensation circuit,
a loosely-coupled coil, a secondary-side LCC/S resonance net-
work, and rectifier circuits and loads. The structure of the loosely
coupled coil is shown in Fig. 12(b), the transmitting coil as the
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Fig. 12. (a) Experimental prototypes. (b) DD-type structure. (c) Coupled
switching inductor.

primary winding is a DD-type structure, the receiving coil as the
secondary winding is a DD-type structure, and the controller is
the Rapid Control Prototyping 1050T (RCP 1050T). Fig. 12(c)
presents a physical diagram of a coupled switching inductor with
a center tap and two compensating inductors integrated in the
same magnetic ring.

B. Output Characteristics

The experimental output characteristics of the topology pro-
posed in this paper under CC/CV self-switching are demon-
strated in Fig. 13. The current output characteristics are illus-
trated on the left vertical axis, the voltage output characteristics
are represented on the right vertical axis, and the graph in the
figure demonstrates the output power. The load resistance of the
topology is in CC mode from 0 to 3.5 €. The output current on
the secondary side is largely independent of the load, with a max-
imum difference of 0.5 A, which is nearly constant. Conversely,
when the load resistance exceeds 3.5 €, the circuit transitions
to CV mode, resulting in a voltage on the secondary side that
remains relatively constant. The maximum voltage difference in
this mode is 2.5 V, which is also nearly constant. Consequently,
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TABLE IV
PARAMETERS OF THE RESONANT CIRCUIT

Parameters Value
Frequency fj 85 kHz
Input voltage U, 24V
Self-inductance L, 101 uH
Compensation inductance L 28.3 uH
Compensation capacitance C, 145 nF
Compensation capacitance C 40 nF
Mutual inductance M 30 uH
Self-inductance [ 98 uH
Compensation inductance L, 6.8 uH
Compensation capacitance C, 550 nF
Compensation capacitance C, 30 nF
Switching inductor L 2.6 uH
Mutual inductance M, 2.18 uH
Primary coil quality factor Op 177.66
Secondry coil quality factor Oy 174.81
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Fig. 13. Experimental output characteristics of the topology in constant
current-voltage mode.

the proposed self-switching system functions in constant-current
mode when the load resistance is less than 3.5 €2, resulting in a
gradual increase in charging voltage. Conversely, when the load
resistance exceeds 3.5 €2, the circuit operates in constant-voltage
mode, leading to a gradual decrease in charging current. This
enables the circuit to transition naturally from CC mode to CV
mode.

As illustrated in Figs. 14 and 15, the experimental find-
ings reveal the outcomes of primary-side voltage-current, load
voltage-current, and voltage-current on both sides of the switch-
ing tubes under various topologies and resistances. In general,
to circumvent the generation of reactive energy, the output
voltage and current of the inverter are predominantly in-phase
in constant-current and constant-voltage modes to attain the
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Fig.15.  Inverter output voltage and current under different loads under LCC-S.

ZPA characteristics. This serves to verify the correctness of
the theoretical analyses and calculations. However, in order to
achieve the desired soft-switching characteristics, in this article,
the input impedance is modified to be weakly inductive in
constant-current mode and weakly capacitive in CV mode.

C. Switching and CC/CV Characteristics

In order to ascertain the reliability of the system during switch-
ing, a resistance value of 3.5 (2 was selected for observation. As
demonstrated in the experimental waveforms of the transient
response of the output voltage and current during switching
in Fig. 16, two sets of experiments were conducted. The first
set involved switching the system from LCC-LCC CC mode to
LCC-S CV mode, at which time, the switch S; was disconnected
and So was closed. The second set of experiments involved
switching from LCC-S CV mode to LCC-LCC CC mode, where
switch S; is closed and Sy is disconnected. As illustrated in
Fig. 16, when the load rotation resistance is 3.5 €2, the switch is
activated, the current-voltage drop is minimal, and the system
can be reliably switched. The voltage and current waveforms of
S and S» before and after switching are illustrated in Fig. 17.
When switch S5 is deactivated, the resonant capacitor Co and
switching inductor Lg; are connected in series. Consequently,
the voltage and current at the ends of the capacitor and inductor
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Fig. 18.  Dynamic testing of CC/CV characteristics under different load.

will not change abruptly, and thus the voltage and current at the
ends of switch §; will not change abruptly.

In order to verify the CV and CC regulation capability of
the proposed system under dynamic load conditions, this study
conducts a systematic test on the two topologies of LCC-LCC
and LCC-S as shown in Fig. 18 by building a multichannel test
platform. The experiment uses a 1-60 {2 continuously adjustable
load resistor to collect four electrical parameter signals, focusing
on the CV characteristics and CC characteristics. For the LCC-
LCC topology, the cyan curve shows that the output current is
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stable near 4.9 A; for the LCC-S topology, the orange curve
shows excellent voltage stability in the 10-60 €2 load range, and
the measured output voltage is always maintained near 22.5 V.
The experimental results show that the proposed LCC-LCC/S
hybrid topology has nearly CV and current characteristics over
the load range, which meets the requirements of wireless charg-
ing systems.

D. Abnormal Operating Conditions Test

In order to examine the response capability of the proposed
topology to load open-circuit, as illustrated in Fig. 19, the load is
subjected to CC condition with R, = 3.5 €2. Upon the occurrence
of an open circuit, it is assumed that the load R, when the load
resistance is 100 €2, the system promptly transitions from the CC
mode to the CV mode. At this juncture, the load current is nearly
0 A, while the load voltage is at the CV point 22.1 V. In order
to test the ability of the proposed topology to cope with the load
short-circuit, as shown in Fig. 19, the load operates under the CV
condition of R, = 10 2. When a short circuit occurs, assuming
that the load R, = 0.05 €2, the system promptly transitions from
the CV mode to the CC mode at this juncture. The load current is
then at the CC point 5.42 A, while the load voltage is nearly 0 V.
This illustrates that the system autonomously enters the mode
switching without the necessity for communication, exhibiting
commendable load adaptability. The system exhibits good load
adaptability.

E. Efficiency and Offset Characteristics

Fig. 20 illustrates the charging efficiency curves of the WPT
system under CC/CV modes with coil alignment and load vari-
ations. During the CC stage, the system efficiency 7; increases
from an initial 71%—-84.3%, while in the CV stage, efficiency 7,
improves from 82.1% to 89.6%. This efficiency improvement
is due to the reduction of copper loss under stable current in
the CC phase and the optimized power transmission matching
brought about by closed-loop voltage stabilization in the CV
phase. However, due to the relatively large losses caused by the
switching tube, diode and internal resistance, the efficiency in
the small power experiment in this article did not exceed 90%.
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TABLE V

COMPREHENSIVE COMPARISON WITH

EXISTING CV/CURRENT TECHNOLOGIES

Comparison Ref. [8] Ref[10] Ref.[12] Ref.[14] Ref[15] Ref.[17] Proposed
Peak efficiency 91.5% 88.86% 85.23% 92.9% 93.9 92.4 89.6%
Number of extra switches 4 4 4 2 2 2 4
Number of extra capacitors 2 1 4 1 1 0 0
Number of extra Inductance 0 0 4 1 1 0 0
Frequency (kHz) 85 85 200, 272 150 85 85 85
k 0.224 0.262 0.31 0.174 0.17 0.3 0.28
Wireless communication NO YES NO YES YES NO YES
Gap (mm) 110 120 50 200 150 120 120
Max. power (W) 3300 150 85 500 400 6600 90
1001 100 CC mode (RIZ;Z.SQ) CV mode (RL=1 03;
80 24%
80+ <
60 & .
%, 60 40 E e 27%
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£ 40 20
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0 T T : Fig.22.  Loss percentage analysis of the system in CC and CV modes.
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Fig. 20. Charging efficiency curves of the WPT system under CC/CV modes
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Fig. 21.  Efficiency characteristics of the LCC-LCC/S hybrid topology under
coil misalignment.

Fig. 21 demonstrates the efficiency characteristics of the hybrid
topology under coil misalignment. Experimental results indicate
that a horizontal misalignment exceeding 20 mm degrades ef-
ficiency by over 15%, primarily due to the coupling coefficient
dropping below 0.25 and increased leakage inductance, which
induces resonance mismatch. The efficiency of the misaligned
system monotonically decreases with larger offset distances.

strategy and highlight the robustness improvement achieved by
antimisalignment design, providing critical insights for practical
WPT applications.

Efficiency losses include coil copper losses, switching device
losses, core losses and other intrinsic losses. Coil copper loss is
Joule heat of coil wire resistance, switching loss is MOSFET con-
duction loss and switching loss, core loss is hysteresis loss and
eddy current loss, and other intrinsic loss is parasitic resistance
loss such as capacitance/PCB, etc. The total internal resistance
Rsys includes coil resistance, switching tube conduction resis-
tance and capacitor inductance resistance.

The total internal resistance, Ry, includes the coil resistance,
switch ON resistance and capacitor inductance resistance. The
system efficiency can be expressed as follows:

PRy, Ry
"T TR, + Ryy) R+ Ry

When R;, — 0 (i.e., in CC mode within the 0—4 €2 range),
the denominator Ry, + Ry approaches Ry, resulting in lower
efficiency than in CV mode.

As shown in Fig. 22, in CC mode, due to the higher current, the
coil resistance loss is significant copper loss 33% as the dominant
loss; PC40 ferrite at 85 kHz inherent loss is significant at 28%;
the core loss is 31%, the internal resistance loss is proportional
to the I?, and the current increases the loss increases sharply. In
CV mode, the current reduction leads to coil copper loss of 24%;
switching loss is 36%: the core loss is reduced to 27% due to

(37
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the decrease in flux density; and the rectifier diode loss increase
leads to an increase in the percentage of other internal losses
to 13%.

F. Comparison With Other Methods

The performance of the method proposed in this article is com-
pared with other methods, as shown in Table V. Compared to the
capacitor-switched systems of [8], [10], and [12], the proposed
system achieves a peak efficiency of 89.61% for 90 W, which
is higher than [10] and [12]. In addition, compared to [14] and
[15], the proposed system can realize wireless communication
without adding extra inductance and capacitance. Although [17]
also does not add extra inductance and capacitance, it is difficult
to realize wireless communication because of the complexity of
control.

VI. CONCLUSION

Aiming at the problems of excessive number of passive
components and switches and difficult parameter selection in
the traditional variable static compensation design method, an
LCC-LCC/S resonant wireless charging system based on switch-
coupled inductor hybrid self-switching is proposed. Combined
with the equivalent impedance model, the design method appli-
cable to the parameters of the switch-coupled inductor hybrid
resonant topology network is given, and the constant-current-
constant-voltage topology impedance and output characteristics,
switching characteristics and stability are analyzed in detail.
From the experimental results, it can be seen that the hybrid res-
onant topology network after applying the switched-coupled in-
ductor is able to realize stable constant-current-constant-voltage
switching output within a small voltage and current fluctuation
range. The maximum transmission efficiency of the system
is 89.6%, and no additional passive components are required
to realize the CC/CV mode switching. The proposed scheme
realizes zero addition of passive components, eliminates the
need for communication between the primary and secondary
edges, simplifies the control system, improves the transmission
efficiency of the system, and has good engineering application
value.
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