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A Dual-Frequency Dual-Channel WPT
System With Wide Range ZVS and
Communication-Free Capability

Jingchi Wu"”, Linghui Meng"”, Yuhao Deng

and Zeliang Shu

Abstract—Achieving efficient power regulation without
communication in wireless power transfer (WPT) systems
remains a significant challenge, particularly under varying load
and coupling conditions. This article proposes a dual-frequency
dual-channel WPT system by introducing a third harmonic
resonant channel alongside the fundamental power channel.
The third harmonic current serves multiple roles: it enables
communication-free synchronization via implicit phase feedback,
contributes actively to power transfer, and extends the zero-voltage
switching (ZVS) range of the primary-side inverter without
increasing the switching frequency. A two-stage synchronous
control strategy is developed to regulate power based solely on local
measurements, avoiding complex sensing, parameters estimation,
or digital modulation-demodulation. To control the overall size of
the coupler, a compact coil design is adopted, while maintaining
a competitive power density. The proposed system is validated
on a 1.7 KW experimental platform. Results confirm the system’s
wide ZVS range and its ability to maintain stable control without
communication. The system achieves a peak efficiency of 94.39%,
and remains above 93.5% when the output power exceeds 50% .

Index Terms—Dual-channel, harmonic current, wireless power
transfer without communication, zero-voltage switching (ZVS).

I. INTRODUCTION

AGNETIC resonance wireless power transfer (WPT)
M systems offer advantages such as isolated power transfer,
low maintenance costs, misalignment tolerance, and high flexi-
bility [1], [2], [3]. However, to ensure charging profiles that meet
the high-performance standards of lithium-ion batteries, con-
stant current (CC), constant voltage (CV), and constant power
(CP) charging are required to accommodate various application
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scenarios, such as misaligned coils and dynamic battery charging
(4], [5].

In [6] and [7], the Bluetooth/Wi-Fi wireless devices are
widely used for power control communication to ensure physical
separation between the primary and secondary sides. It may
cause cost increasing, signal delay, susceptibility to interference.

To achieve wireless power control without additional com-
munication devices, existing literature mainly proposes four
approaches. The first method utilizes topology-based, load-
independent outputs [8], [9], [10], providing CV or CC output
at the receiver. However, it lacks direct transmitter-side power
adjustability, limiting control flexibility. The second method
estimates transmitted power through reflected impedance theory
and parameters identification of load and mutual inductance [4],
[11], [12]. This approach requires real-time primary-side voltage
and current measurements, and its accuracy can be sensitive to
coupling variations and system nonlinearities. The third method
incorporates an additional dc—dc converter at the receiver side
forlocal power regulation [ 13], [14]. Despite offering convenient
local control, this approach adds complexity, increases cost, and
introduces additional losses. Finally, the fourth approach trans-
mits control signals via high-speed analog to digital or digital to
analog conversion, or signal modulation-demodulation through
the power channel itself [15], [16], [17], [18]. These methods en-
able information synchronization and effective power regulation
without extra communication modules, but they may increase
system complexity and introduce interference between power
and information, as both share the same channel, especially
under dynamic load or coupling conditions.

Moreover, achieving zero-voltage switching (ZVS) in the
primary-side full-bridge inverter under phase-shift modulation
remains challenging, particularly at low duty cycles, which
significantly reduces system efficiency. Several methods have
been proposed to achieve full ZVS operation and effective power
regulation. In [19], switch-controlled capacitors are employed
to enhance the power factor and control output power, achieving
ZVS for the auxiliary switches. However, this method involves
complex control strategies and a complicated hardware im-
plementation. Pulse density modulation (PDM) has also been
applied as a simple method to achieve wide-range ZVS [20].
A hybrid modulation method on the primary side is presented
in [21], which enables wide-range voltage regulation and partial


https://orcid.org/0000-0001-6636-4884
https://orcid.org/0000-0002-2585-4390
https://orcid.org/0009-0009-1832-2677
https://orcid.org/0009-0006-8166-1995
https://orcid.org/0000-0002-7095-1261
https://orcid.org/0000-0002-6178-9661
https://orcid.org/0000-0002-8355-2526
https://orcid.org/0000-0002-7717-8152
mailto:jingchiwu@my.swjtu.penalty -@M edu.cn
mailto:jingchiwu@my.swjtu.penalty -@M edu.cn
mailto:mailtolinghui@my.swjtu.edu.cn
mailto:yh_deng@my.swjtu.edu.cn
mailto:zhouyspenalty -@M @my.swjtu.edu.cn
mailto:zhouyspenalty -@M @my.swjtu.edu.cn
mailto:yjp_pe@my.swjtu.edu.cn
mailto:wangshun@my.swjtu.edu.cn
mailto:siyangliu@my.swjtu.edu.cn
mailto:shuzeliang@swjtu.edu.cn
https://doi.org/10.1109/TPEL.2025.3599238

2944

ZVS operation. However, in [19], [20], and [21], the ZV S current
is close to zero. As a result, the presence of parasitic capacitance
in the switches leads to incomplete ZVS in practical applications.
Overall, existing research on power control in WPT systems
is limited by communication dependencies, auxiliary device
complexity, and efficiency challenges.

In recent years, multifrequency WPT systems have attracted
growing attention. In [22], a multifrequency WPT system was
developed to support multiload applications, with each chan-
nel operating independently. In [23], a decoupled multichannel
WPT system based on multilevel inverters was proposed, where
each channel operates at a different frequency to enable indepen-
dent control. However, the generation of multiple frequencies
requires a large number of switching devices and capacitors.
Additionally, some recent works [24], [25] have explored the
application of the second harmonic, which is typically generated
passively through rectification effects, as a feedback signal
in low-power RF WPT systems, primarily for positioning or
backscatter communication. However, these systems usually
require precise filtering and complex feedback paths, and are
less suited for medium/high-power inductive WPT applications.
In contrast, the third harmonic current has a relatively high
amplitude and can be easily extracted from the fundamental
square-wave excitation through resonant filtering. In [26], [27],
and [28], hybrid dual-frequency WPT systems based on the
first and third harmonic current transmission were proposed to
achieve constant voltage output and higher efficiency under cou-
pler misalignment, leveraging the high-frequency characteristics
of the third harmonic. In [29], a hybrid first and third harmonic
current WPT system was presented to achieve smooth power
variation across a wide coupling range. These studies commonly
rely on the band-pass characteristic of each resonant channel
to achieve interchannel isolation. The third harmonic channel
operates independently from the fundamental power channel,
enabling communication-free control and partial power transfer
without interference. Moreover, since the voltage feedback in-
formation can be converted to the phase of the third harmonic
current, which shares the same path as the third harmonic
power transfer, the phase information can be easily extracted
by the primary side. Additionally, through proper design, the
third harmonic current can improve the ZVS conditions of the
inverter.

Based on the characteristics of the third harmonic, this article
proposes a novel fundamental and third-harmonic dual-channel
wireless power transfer (F3HDC-WPT) system, which enables
communication-free power control and achieves wide-range
ZVS. Compared to existing studies, the proposed F3HDC-WPT
system offers the following key advantages.

1) Communication-Free Functionality: The third harmonic
channel, operating independently from the fundamental
channel, simultaneously transmits power, and phase infor-
mation feedback, eliminating the need for external com-
munication devices or increasing the switching frequency.

2) Enhanced ZVS Performance: The third harmonic cur-
rent extends the ZVS operating range, effectively im-
proving efficiency, especially under low-power operating
conditions.
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Fig. 1. Topology of proposed F3HDC-WPT system.

3) A control strategy is developed for the proposed sys-
tem, enabling closed-loop power control under vary-
ing load and coupling conditions. It eliminates the
need for complex sensing, real-time computation, and
avoids interference between power transfer and signal
communication.

To ensure the effectiveness of the proposed F3HDC-WPT

system, several design requirements must be considered.

1) The secondary side coils should have dimensions similar
to the primary side coils. This helps maintain a relatively
constant ratio of M5/M; under misalignment, ensuring
reliable closed-loop control and wide-range ZVS.

2) The weak interchannel coupling should be minimized
through proper arrangement of the coils.

3) The harmonic channel should be designed with a rela-
tively large self-inductance to provide sufficient filtering
capability for suppressing nonthree-order harmonics.

II. TOPOLOGY, MODULATION, AND CONTROLLER DESIGN
A. Proposed Dual Resonant Tank WPT Topology

The topology of the proposed F3HDC-WPT system is illus-
trated in Fig. 1. It comprises two series—series (S—S) resonant
channels: the fundamental resonant channel (CH1), formed by
Ly1, Cp1, Ls1, and Cgq, and the third-harmonic resonant chan-
nel (CH2), consisting of L2, Cp2, Lg2, and Cia.

On the primary side, CH1 is driven by a full bridge (FB)
inverter composed of switches S;—S4, which form two bridge
arms, H1 and H2. CH2 is connected between the midpoint of H1
(shared with CH1) and the ground point g, resulting in ¢ 7 being
the sum of 4,,; and 7,,2. On the secondary side, CH1 is connected
to a half-bridge rectifier (D1, D5), while CH2 is connected to an
active rectifier half-bridge (H3) consisting of switches 0; and
Q>. The system outputs a dc voltage U,

The mutual inductance parameters include M; and M5 for
individual channels, while My, Mj,, Ma, and M}, represent
the weak interchannel coupling inductances.

The port voltages of FB and H1 are square waves [30], and
can be expressed as follows:

[e¢]

Z 4Viys sin(nm D)

nm

m(1 —2nD)

7 )]

Ugh = - sin {nwlt +

n=1

nmw

i — 2V
Ugg = bus 4 Z 2 sin(nwst) (2)
n=1
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Fig. 2. Equivalent circuit of proposed F3HDC-WPT system.

where D is the duty cycle (0<D<0.5), n represents the odd order
n=1,3,5, ), and wy = 27f, = 27/T, is the fundamental
angular frequency; where f, is the fundamental frequency and
T, is the corresponding period. According to (1) and (2), the
amplitude of higher-order harmonics decreases as n increases.
To configure CH1 as the fundamental channel and CH2 as the
third harmonic channel, the resonant parameters are as follows:

Cp1 = b, Cpz = 7

rl wilp1’ p2 (3W1)2Lp2 (3)
O = ot Cp = —

sl W%L517 s2 (3&)1)2[/52.

Applying (3), CH1 and CH2 act as band-pass filters for the
fundamental and third harmonics, respectively. Consequently,
CHI1 primarily contains the fundamental harmonic, while CH2
exclusively transmits the third harmonic current, eliminating the
need for the tripling switching frequency for the inverter. As
shown in Fig. 2, the load can be equivalently represented as a
voltage source with the same frequency as the current of the
corresponding channel. For weak coupling impact, the induced
voltages caused by Mo, M}, Msy, and M}, are as follows:

UApl = j3W1M/12jp2 - j3w1M12j32; UApZ
= jur M 1201 — jwi Migly
Unsi = j3wi Moy Lys — j3wi M'21 1505 Unso
= jurMialy — jui Mo 1. “4)

For CHI1, the weak coupling induced voltages, Uap1 and
Uas1, primarily consist of third-harmonic components, whereas
Unap2 and Ua 4 are predominantly composed of first harmonic
components. The resulting effects on the currents can be ex-
pressed as follows:

_ §3wiM'1o0po—j3wiMiales _ OM'120,0—9Mi2iss

Inpr = J3wiLpi+1/ (G3wiCp1) 8Lp1

I' — Jwi M 1901 —jwi Mials _ Mgl —M' 151,

Ap2 JwiLpa+1/ (w1 Cp2) 8Lpo (5)
j — j3w1M21ip27j3w1M’211.32 — 9]\/[21]‘17279]\/[/211.32

Asl J3wiLs1+1/(33w1C51) 8Ls1
j _ JwiMialp1—jwiM' o115 _ M' o116y —Mi21

As2 JjwiLsa+1/ (jwiCs1) 8Lso :

Fig. 3 shows the simulated total harmonic distortion (THD)
of the operating currents in CH1 and CH2 under varying weak
coupling inductance values. The simulation is conducted us-
ing MATLAB/Simulink. The system is configured with self-
inductance parameters: L, = Lg; = 130uH, Ly = L =
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Fig. 3. Influence of weak interchannel coupling inductances on current THD
in CH1 and CH2.

80 1H. As observed, when the weak interchannel coupling in-
ductances are all below 10 pyH, the THD of both i, and 7,2
remains low and exhibits minimal variation. It indicates that
weak interchannel coupling in this range has a negligible impact
on the current quality of both channels, ensuring stable and
undistorted operation.

Accordingto (5) and Fig. 3, when M1o, M1, Moy, M}, <<
Lpi1, Lpa, Lgi, Lo, their influence on the currents becomes
negligible. Consequently, the weak interchannel coupling in-
ductances Myo, Msy, Mj,, and M}, can be disregarded in the
subsequent power transfer and ZVS analysis.

By applying the superposition theorem for different subhar-
monics and the KVL equation, while ignoring parasitic pa-
rameters, equivalent series resistance (ESR), and harmonics at
frequencies other than the resonance frequency of this channel,
the following equation is obtained:

Uspa = (jWLpl + ﬁ) 'jpl _jWMljsl
Uag.3 = <j3wLp2 + m) 'jp2 - j3wM2j52
) T+ Upp — jwMi Iy

) : st + Uod - j3WM2jp2

(6)

0 = jWle —+ T}}M

0= (Jj3wLs2 +

1
J3wCls2
where U,y represents fundamental component of u,,, and
Uag.3 represents the third harmonic component of 4. By (1)
and (2), the root mean square (rms) port voltages are given by

Uaps = 2V2Vpus sin(n D) / ™

Uag.3 = \/5‘/[,115/37('; Uco = UVod = \/§Uo/77- (7)

Similarly, the port voltages of secondary side are given by

_ 00 2U,-sin(0.5nm)
Uco = En:l p

-sin(wit + ©eo)

_ 0o 2U,-sin(0.5nw) . ®)

Uod = p g e =2 - sin(3wit 4 @oq)

where u., and u,q represent the output port voltages of CHI
and CH2, respectively. As shown in Fig. 2, Ap,o represents
the phase shift angle between 745 and u,q. When Apo = 0, H3
operates in synchronous rectification mode (SRM). Conversely,
when Apgs # 0, H3 operates in the third harmonic phase shift
mode (3HPSM). Based on (6) and (7), when w = wq, the rms
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current can be derived as follows:

Is]_ — Qﬂ%us SIII(TI'D) . IS2 — ﬁ%us

7rw1M1 ) 97Tw1M2 (9)
) V2U, N - V2uU,
Pl = T M P2 T 3rw, My ”

Therefore, the power for each channel can be expressed as

4VousU, sin(m D)
Pemi =Upy - Iy = ——————7—=
CH1 b1 dp1 20, M,
2V;Jus[]o COS(AS@SQ)
Peng = Uag.3 - Ipa cos (Apsz) = OnZor - (10)
Thus, the total output power of the two channels is as
4AViusUp sin(m D
Prow = Pcm + Penz = bu;—()
m w1M1
2ViusUp €Os A - (1
97T20.)1M2

When the output load is equivalent to a resistor, the output
current can be expressed as

1 To/2 3 T,/6
IL = i/o \/iisl SlH(Wlt)dt + i‘/o

X V/2igo sin(3wit + Apso)dt

21 21 Apg
_ \[ 1 + \f s2 COS( 9052). (12)
0 0
The output voltage can be equivalently expressed as
U - AVousRr sin(m D) 2Viys Ry cos(Apsa) (13)
o 772(.01M1 97T2(.L)1M2 '

B. Loss Analysis of Proposed F3HDC-WPT System

According to [31] and [32], the total loss P s of the proposed
F3HDC-WPT system can be expressed as

Pross = Pew + Ps.cond + Ps.sw + Pp + Pcap

Poy =12 - Rpy + Iy - Ryo + IZ) - Ray + I - Reo
Ps.cona = I, - Rs + (I}, + I2,) - Rs + 1% - Rg
Sble g Bt

Pp ~ Pp.cona =V - Isi.qo + Rp - 12

_ el | Ry 1

PCap = 31 . RC.p1+ 132 . RC.p2+ IS21 “Roos1+ 1522 “Re.s2
(14)
where P, denotes the copper loss of coils and wires, and
Ps cond represents the conduction losses of all switches (S1—S4
and Q1-0-). The switching losses of all switches are denoted
as Ps s, where only turn-OFF losses are considered due to
the realization of ZVS. The total diode losses are represented
by Pp. Since the switching and turn-OFF losses of Schottky
diodes are negligible, diode losses can be approximated by their
conduction losses, denoted as Pp .onq. The equivalent resistance
of the coupler coils is Pcq,,. The equivalent resistances of the
coupler coils and wires are denoted as R, [p2, R, and Ro.
The conduction loss of a single MOSFET is represented by Rg.
The initial current magnitudes at the beginning of the switching

I
PS.sw ~ PSw.off ~4-
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Fig. 4. Waveforms and control method of the proposed system in two mode.
(a) Waveforms of CH2 in SRM and 3HPSM modes. (b) Waveforms of CH1 in
SRM and 3HPSM modes.

period are given by I, , and I, 5. The current fall times to zero
for §1—S4 and Q1-Q> are denoted as tyy and s, respectively.
The MOSFET parasitic capacitance is represented as C\yss. The
average diode current is denoted as I41 44, the forward volt-
age as Vp, and the diode conduction resistance as Rp. The
conduction resistances of the resonant capacitors are given by
RC,plv RC.pQ» RC.sl, and RC.SZ-

The overall dc—dc conversion efficiency of the proposed sys-
tem can be defined as

Prow U, 1

= ) (15)
PTotal + PLoss ‘/bus : Iin

Ndc——dc =

C. Current and Operation Waveform Analysis

By configuring the parameters to satisfy (3), the resonant
current consists of the first and third harmonic current. Ignoring
the weak coupling mutual inductance and the ESR of coils and
other components, the waveforms in different mode are shown
in Fig. 4.

When Q1&Q5 operate in SRM, the waveforms of CH2 are,
as shown by the solid line in Fig. 4(a), and the power factor is
equal to 1. In contrast, when Q1&Q> operate in 3HPSM, the
waveform of CH2 is depicted by the dashed line. Meanwhile,
the phase between the wu,q and the igs is Apso. According to
(6), when w = w;, the phase relationship between U,q and I,o
is expressed as follows:

Upd = j3wMal,y. (16)

Due to the characteristics of the S—S resonant circuit, the phase
shift Ag,2 between uq4 and ipo varies with A, and is equal to
it. To enable power/voltage control without communication, the
power/voltage error collected on the secondary side is converted
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Fig. 5. Vectors for the proposed system from SRM to 3HPSM.

into Ao controlled by H3. The analog value of Ay is trans-
mitted to the primary side as Appo = Aggo. On the primary
side, the detected Ay, is used to adjust D, which primarily
determines the transmitted power according to (11).

As shown in Fig. 4(b), H1 is relatively static to ensure proper
power and communication transmission of CH2. Meanwhile,
H2 is applied for adjustment of the duty cycle D. As depicted
in Fig. 5, the vector diagram adopts the fundamental frequency
as the reference coordinate system. Consequently, the phase of
the third harmonic channel CH2 in this coordinate system needs
to be divided by 3. The phase of is; is chosen as the reference
phase, since the current of CH1 remains relatively stable across
various operating modes of CH2. In the SRM, the phase shift
between the reference 752 and u,q is detected and stored as ¢q.
When H3 operates in 3HPSM, its phase shift is determined by
Ps0 + A@SQ/ 3.

In 3HPSM, when the resonance condition is not ideal or the
mutual inductance varies, U,q in (6) is rewritten as follows:

Uod = j3 (w1 -+ A(JJ) (MQ + AMQ) jpg

— j3 (W1 + Aw) (L82 + ALSQ)

1 .
I,
T i3 (o + Aw) (Coa + Acsg)] 2

~ 3 (w1 Mo+ Ady) To— [ j3wiLeo+ ————+ AL

73 (w1 Mo+ Akry) Lo (J w1 2+j3w1052+ 2)
'j32

= j3 (w1 My + Ary) Iy — Adg - Lo (17)

where Aw, ALgs, and AC,o represent the errors of different
parameter. The Ai; and AXs represent the equivalent error
values. The phase of i, caused by parameters errors is as

Uy sin Apgo
Uoa cos Apgo — Ahy

Appe = arctan ( ) ~ Apg + AC

(18)
where A( is the phase deviation caused by parameters and
other errors. In practical application, the PI controller can be
introduced to eliminate this error.

However, as depicted in Fig. 4(b), when operating in SRM,
the superimposed current 7z; cannot meet the wide range ZVS
condition of the shared arm H1, regardless of the presence of the
third harmonic current. However, with the inductive current i,,
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Fig. 6. ZVS condition analysis of WPT system. (a) For the traditional system.
(b) For the proposed F3HDC-WPT system.

the superimposed current i, has the potential for wide-range
ZVS. The detailed ZVS analysis is as above.

D. ZVS Condition Analysis

The ZVS analysis is depicted in Fig. 6. The blue waveforms
represent the primary-side current 7,; of CHI, and the red
waveform represents the primary-side superimposed current 7 771
of the proposed system.

1) ZVS Condition Analysis of Traditional System: The tradi-
tional single-channel wireless power transfer (SC-WPT) system
includes only the CHI1. Since the current waveform within a
switching period is symmetrical, only one switching mode needs
to be analyzed for each bridge arm. As depicted in Fig. 6(a), the
current flowing through both H1 and H2 is i,; as blue waves
depicted. The ZVS condition of H-bridge on primary side is
given by

t1
i >0, / iprdt > 205, Vi (19)

to
where o and f; denote the start time and the end time of the
switching dead zone, respectively. C,s5 represents the output
parasitic capacitance. The short time sinusoidal current can be
approximately treated as linear change. Thus, the ZVS condition
of H2 as (19) can be equivalently expressed as

' ' 2C s Vou
ip11 >0, W ~ iy o(DT,) > ZZossthus
a1 20)
Similarly, the ZVS condition of H1 is given by
: ' 2C0ss Viu
ip1 t3 > 0, % ~ iy o(0.5T,) > ZZoss T
ta
(21)

where tq1 = t; — ty = t3 — to represents the dead zone time
for H1 and H2. For CHI, due to its bandpass characteristics,
higher-order harmonics are not transmitted between the primary
and secondary sides. Neglecting internal resistance, the higher-
order harmonics current of 4,,; can be approximately expressed
as

AVis sin(nm D) sin [nwit + (1 — 2nD) /2]

nm

(n=35,).

pln Jjnwi Lp1 + 1/jnwi1Cp

(22)
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According to (22), the amplitude of the fifth, seventh, and
higher order current components is relatively small. By ignoring
the fifth and higher order harmonics, the 7,1 can be expressed as

Z’plfs — iplflst + ip173rd

~ 2U,cos(wit — D) . Vius sin(37 D) sin(3wqt — 3w D)

7TW1M1 27rw1Lp1

(23)
Based on (23), the (20) and (21) can be expressed as

i1 o(DT) = 2U, cos(mD)  Viussin?(37D) > 2C 55 Vous
7Tw1M1 27TW1LP1 tdl
(24)
iona(0.5T,) = — 2U, cos(mD)  Viyssin?(37D) < 2C 55 Vous
pLsiT9%0 7T(,U1M1 27Twle1 tdl '
(25)

From (24), the ZVS condition for H2 can be achieved in
the range of D = 0 ~ 0.5 through appropriate parameters
design. However, as indicated by (25), achieving ZVS for H1
becomes impossible when D is relatively small, regardless of
system parameters. Consequently, the traditional single-channel
system operating at the fundamental frequency suffers from low
efficiency when D is small.

As analyzed above, achieving ZVS for H1 across the full
power range is challenging. The proposed system introduces
CH2 to H1, enabling the harmonic current 7, to flow through
HI, thereby creating favorable conditions for ZVS.

2) ZVS Condition Analysis of the Proposed System: In the
proposed F3HDC-WPT system, the current and ZVS conditions
for H2 remain the same as in the traditional system. However, the
current of H1 is modified, as represented by the red waveforms
in Fig. 6(b). The ZVS condition for HI is updated

(it1s2 + im1¢3)/2 = i11(0.5T,) > 2CossVous/tar (20
For CH2, due to the bandpass characteristics of the third filter,
which is composed of L2, Cpa, Ls2, and Cso, the first, fifth,
and higher order harmonics are not transmitted between the pri-
mary and secondary sides. As a result, all harmonic components
of 7,2, except for the third harmonic, can be approximated as
follows:

{iHl_tQ =ip1_g2 +ip2 42 >0

2Whus

nm

sin(nw1t)
jnwlez + l/jnwleg

~

Z1)27n ~

(n=1,5,7,---).
27
Ignoring the fifth and higher order harmonic components, the
current ¢z71 of the H1 can be expressed as

Z.Hl_s = Z.pl_lst + Z.172_31‘(:1 + 7:pl_Brd + ip2_1st

_ 2U,cos(wit —mD)  2U,sin(3wit — Apsa)

w1 My 3w My
Vous sin(3w D) sin(3wit — 3wD)  Viys cos(wit)
+
27TCU1LP1 47Twle2
(28)
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Fig. 7. ZVS condition analysis for secondary side of the proposed system.

(a) Phase of current advanced to voltage. (b) Phase of current delayed to voltage.

Combining (26) and (28), the ZVS condition of H1 is as

; T,\ _ —2U,cos(wD)  2U,sin(Apss)
Hls 2 o 7TCU1M1 37T0)1M2
Voussin?(37D) Vi < 2C0s5 Vs
27w Ly drwiLyps — tar
(29)

According to (29), the most challenging condition for ZVS
occurs when D = 0. However, ZVS can still be achieved by
adjusting Aygo, which is controlled by H3 on the secondary
side.

3) Secondary Side’s ZVS Condition of the Proposed System:
On the secondary side, the potential hard switching occurs only
on H3. As shown in Fig. 7, the ZVS condition for H3 is

(Z’s27t0 + Z'327t1)/2 ~ isQ (TO/G) > Coson/td2-
(30)
Comparing Fig. 7(a) and (b), it is evident that H3 achieves
ZVS only when Ao is within the interval (0, 0.57]. Only a
small portion of other order harmonics components is transmit-
ted to the secondary side. Therefore, the 7,5 can be approximated
as

ip1_¢1 > 0,

is2 = 2Vius Sin(3wit — Apga)/ (9w My). 31

As shown in Fig. 7(b), ZVS condition for H3 is expressed as

Z.52 (To/6) - 2‘/bus Sin(A(PSQ)/gﬂ-wlMQ Z Coson/tdQ- (32)

E. Parameters Design

Typically, the voltage rating of the resonant capacitors in
the WPT system greatly constrains the parameters design of
the system. Allowing a 20% margin for the voltage rating of the
resonant capacitors, the voltage rating constraints for the four
resonant capacitors in the system are as follows:

Ucpt = Ip1 - w1 Ly1 = V2UyLpy /1My < 0.8Ulim
Ucpa = Lo - 3wi Lps = V2U,Lya /7 Ma < 0.8V,
Ucsi = Is1 - wiLgi = 2v2Vhus L1 /7M1 < 0.8Uhin,
UC52 = Iy 3wiLs = \/ﬁ%usLSZ/gﬂ—M2 < 0.8U1im

Lpl = L517 Lp2 = L52~
(33)
For improved filtering performance, L1, Lp2, Ls1, Lgo
should be designed to relatively large, whereas M; and M,
should be minimized to enhance transfer power.
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TABLE I
SYSTEM CONFIGURATION PARAMETERS

Parameters Vs U, fo Cos Ry, Ry
Value 400 V 150 V=300V 100kHz 73.6pF 0.6 Q

Parameters tan/tn Lyi/Ly Uiim Pui Ry, Ro
Value 200/66.7ns  130/80 uH 2kV 1.7kW 04Q

Parameters Ry/Rp Repi/Repo/Resi/Res Vi i/t
Value 80 mQ/54 mQ 50 mQ 043V 18ns

According to (29), when Apgo = 0.5, the current in CH2
maximizes the ZVS condition for H1, indicating that the CH2
operates in a purely inductive reactive mode.

By combining (24), (29), and (32), the ZVS boundary condi-
tions (Apso = 7/2) for all switches can be organized as

2U, cos(m D) + Viussin? (3w D) > 2C 55 Vius
Twi My 27wy L1 - taa
2U, _ 2Uocos(xD) | Vousin®(3wD) __ Viw > 2C0ss Vi
3wy Mo Twi My 2mwi Ly 4mwi Lps — ta1
2‘/bus > Coson
9w My — tgs
(34)

Considering the total power loss of the F3HDC-WPT system,
as expressed in (14)

Ploss = IZ - (Rp1 + 2Rs + Rep) + I
. (RpQ + RS + RCApQ)

242V,
+I§1 . (Rsl + Rp Jch.sl) + %

Ig.ptilfo Ig.st?ﬁfo
60053 40055 '
(35)

+1I2 - (Rsa+ Rs+ Re.sa)+

The system fixed parameters are shown in Table I. The dead
zone time is set to 2% of the switching period, with ¢4; = 200 ns,
tg2 = 66.7ns. The voltage limitation of resonant capacitors is
2 kV. To simplify the calculation, the switching losses in (35) can
be neglected, as they are minimal according to the parameters
listed in Table I.

In addition, for the rated power of 1.7 kW, the system should
be capable of delivering more than 1.7 kW when D = 0.5 and
Apgo = 0. Under this condition, (8) can be rewritten as

4VousUs 2ViusUo
m2wiMy 92w My
By combining (23), (35), and (36) and the parameters listed

in Table I, the expression of mutual inductance can be organized
as follows:

fl (Ml Mg) — 50.66x10°%

> 1700.

(36)

122.96x 106 > 0.2227

Mo M,
_ 77.40x10°¢ 4.30x10°6
fa (M, Mp) = TRA3H0— 23050 > 1.7
: _ 2.674x10°7 2.219x10°4 3.461x10~°
min (PLoss = M? + M, + M2 ) .

(37

Considering the overall design constraints, including loss, the
design point is chosen within the ZVS region and power range
defined by (37). The feasible region satisfying both f; and f5 is
shown in red in Fig. 8, along with the loss contours of Plos. The
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Fig. 8. Parameters design and available area for considering the full ZVS area
of the proposed system.

calculated optimal point, minimizing losses while meeting both
constraints, is My = 52.6 uH, My = 19.7 uH.

In the interval (0, 0.57], as Ao increases, the reactive power
in CH2 also increases, which is detrimental to the transmission
efficiency of the system. Therefore, based on the design point,
the dynamic relationship between Ao and D can be calculated
based on (29) as follows:

> 3M2 COS(WD) 4 3M2‘/bus

sin(Apga) > A, i
2 , 1 in?(37D
" ( w1 Clss _ sin (3w )) (38)
tdl 4Lp2 2Lp1

This allows the system to dynamically adjust A, to ensure
ZVS for all switches, when different power is transmitted by
various values of D.

When coil misalignment occurs, both channels (CH1 and
CH2) experience simultaneous spatial displacement. As a result,
the mutual inductances M; and M5 decrease in a similar trend.
In this analysis, the ratio M2/M; is approximated as a constant,
which is a reasonable assumption based on the coil arrangement
shown in Fig. 12 and the simulation results presented in Fig. 13.

Accordingly, (38) becomes a monotonically increasing func-
tion with respect to Ms. Therefore, as long as Ay, satisfies the
requirement under the maximum M5 condition (i.e., with ideal
alignment), ZVS can be achieved under misaligned scenarios.
The relationship between Ay and D is expressed as follows:

0.57, D <02
arcsin (1.12 cos(rD) — 0.15sin*(37D) + 0.18) , .
D >0.2

A(ps2 =

(39)
Based on the parameters in Table I and the design point in
Fig. 8, the relationship among D, Ao and output power is
depicted in Fig. 9(a). According to (39), the operation curve,
minimizing reactive power in CH2 while ensuring ZVS for all
switches, is plotted.
In order to evaluate the influence of CH2 on the overall
efficiency, the coil losses of both channels are derived using
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Fig. 9. (a) Output power versus D and Ap,o. (b) Power ratio between CHI
and CH2 under varying D, with design point indicated.
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Fig. 10. ZCD-DLPF circuit and FPGA calculation principle.
(9) and (14) as follows:
) 2 _ 2U2R,1+8V2sin?(nD)Ryy
Peur = Ipl ’ Rpl + I Ba = . WQ:)fo
2 2 18U2R,2+2V2 R
Py = Ip2 : Rp2 + ISQ “Reo = 81;3‘”%]\/};2 2.

(40)
Based on the design point shown in Fig. 8 and the loss
expressions in (40), the ratio of copper loss between CH1 and
CH2 is illustrated in Fig. 9(b). It can be observed that across
most of the duty cycle range, P, is significantly higher than
P2, especially when D > 0.2, where the ratio exceeds 10. This
indicates that the contribution of CH2 to total copper loss is
negligible, and thus, its impact on overall coil-to-coil efficiency
is minimal.

F. Synchronization Control Strategy of F3HDC-WPT

To achieve communication-free control and wide-range ZVS
for all switches in the proposed F3HDC-WPT system, an ef-
fective dynamic control strategy is essential. Power regulation
is implemented by adjusting D, which requires detecting phase
differences between voltages and currents or between different
current signals in 3HPSM, as illustrated in Fig. 4(a). The phase
of u,g and u,q can be equivalently represented by the phase of
PWM signal. For resonant current sampling, high-frequency
digital sampling (HFDS) is costly, implementation-intensive,
and susceptible to interference. To overcome these limitations,
a zero-crossing detector (ZCD) is employed for current phase
detection, as illustrated in Fig. 10. The ZCD circuit, composed
of a current transformer and a comparator, converts current
zero-crossing points into digital rising edges, allowing the FPGA
to directly measure the signal’s phase and period. To further
enhance measurement reliability, a digital low-pass filter (DLPF)
is implemented in the FPGA.
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Since there are no communication devices in the system, a
synchronization control method (SCM) is required for both the
primary and secondary sides. The proposed SCM included two
stages, as shown in Fig. 11(a)—(d).

In stage 1, CH2 operates in SRM, with an initial duty cycle
of Dy. The initial Dy is essential for system startup and syn-
chronization. It ensures that both the primary and secondary
sides generate current simultaneously, enabling reliable phase
detection and stable initialization. If Dy is too small, the current
waveform becomes distorted, making zero-crossing detection
unreliable. If too large, the system’s adjustment range is limited,
which may affect stability. Therefore, Dy is set to 0.3 to balance
waveform quality and control flexibility. Current phases are
detected using the ZCD-DLPF circuit, with detection points
shown in Fig. 11(e). Based on Dg and the clock of FPGA A,
the controller generates the switching signals S;—S4, as shown
in Fig. 11(a), driving the FB to produce the port voltages up,
while HI produces .

The FPGA monitors the period variation of 4,2, calculating
ATZ‘pg = Tipg (t + 1) — Tipg (t) of ipg, and checks if it remains
within 5% of resonant period T}, /3 for 2048 consecutive cycles.
If this is yes, the initialization of the primary side completes.

In Stage 1 on the secondary side, the D;&D5 and H3 oper-
ate in diodes rectification mode (DRM). The current periods
of i51 andige are sampled by ZCD-DLPF 2&3, as shown in
Fig. 11(b). Similar to the primary side, the FPGA calculates
AT;s1 and AT to verify the stability of operation in DRM.

Under normal DRM operation, the currents on both the pri-
mary and secondary sides naturally hold the same fixed period.
Therefore, even without communication, once each side inde-
pendently detects that the current period has stabilized, it can
individually complete Stage 1. Since the current periods are
inherently synchronized, both sides will finish Stage 1 nearly
at the same time, ensuring synchronized transition to Stage 2.

In addition, as reference of ¢y, the relative phase ¢go <1 is
as

Ps2_s1 = Ps2 — Psl- (41)

When Stage 1 done, the g2 51 is stored in memory as
Ps2_s1_0-

In stage 2, on the secondary side, based on the stored 42 51 o
from Stage 1 and the real-time sampled @41, the (4 is calculated
by (41). As shown in Fig. 11(d), a PI controller calculates
Ao to eliminate the error between V.. and U,. Meanwhile,
it also compensates for phase deviations A( caused by non-
ideal resonance or mutual inductance variations, as described
in (18). Since A( indirectly affects the output voltage, the
voltage-error-based PI control inherently compensates for this
deviation, without the need to explicitly measure or estimate
A(, thereby ensuring accurate and robust control of the system.
The PWM signals for H3 are then modulated based on both
ps2 and Apgo. Based on the characteristics of S—S circuit shown
inFig. 5 and discussed in Chapter B, the phase Ao is inherently
transferred to the primary side as Ag,o = Apso + A without
an additional device.

On the primary side, Ay, is obtained by comparing the
phase of u,4 andi,z, as shown in Fig. 11(c). A PI controller
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Fig. 11. Proposed 3HPSM of F3HDC-WPT system without communication. (a) Primary control in Stage 1. (b) Primary side control in Stage 2. (c) Secondary

control in Stage 1. (d) Secondary control in Stage 2. (¢) Sample point and sensors.

calculates D, based on the error between Agps ey and Agps.
The reference phase shift Ag,o ¢y is calculated based on the
desired ZVS condition using (39), which takes the real-time
duty cycle D as input. Since Appe ~ Ag,o, the system sets
Appo ref = Apga rey on the primary side. The primary-side
PI controller then adjusts D to drive the measured Ay, toward
Appa_ref- As aresult, the secondary-side phase shift Ao also
follows Ay ref, closing the loop without requiring explicit
communication. The resulting D is used to generate PWM
signals S5 and S, for power or voltage regulation.

G. Decoupling Principle

Fig. 12 illustrates the F3HDC-WPT system, which employs
separate coils for CH1 and CH2 to enable efficient power transfer

without the need for communication. In Fig. 12(a), the coupler
configuration and dimensions are shown, where the orange and
blue layers correspond to the coils for CH1 and CH2, respec-
tively. CH1 adopts a pair of “D-D” type coils structure to transfer
the fundamental power, while CH2 adopts a pair of “8-type” coils
structure, as mentioned in [33], to transfer harmonic power and
realize communication-free power control. Fig. 12(b) presents
a three-dimensional (3-D) view of the transmitter and receiver,
both CH1 and CH2 coils are designed with identical dimen-
sions and are stacked vertically in a layered configuration to
form a compact and symmetrical coupler structure. Fig. 12(c)
illustrates the current paths of each coil. It can be observed
that coils L5 and Ly in CH2, as well as coils L, and L
in CHI, achieve effective magnetic coupling. Meanwhile, due
to the flux cancellation inherent in the “8-type” coils design of
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Fig. 13.  Variations of mutual inductances under different offset conditions.

(a) Offset along the X-axis. (b) Offset along the Y-axis.

CH2, the interaction between the harmonic coils (L2, Ls2) and
the fundamental coils (L1, L) is significantly suppressed,
ensuring both magnetic and electrical isolation between the two
channels.

Fig. 13 shows the simulated mutual inductance variations
based on the coils structure shown in Fig. 12, obtained using
Maxwell 3-D simulation. It illustrates the effect of misalignment
along the X-axis (a) and Y-axis (b) on the mutual inductance
values. As the offset along the X-axis and the Y-axis increases,
the strongly coupled mutual inductances (M7 and Ms) gradually
decrease. Along the X-axis, the weakly coupled inductances
(M2, My, Mj,, and M};) remain near zero, indicating mini-
mal magnetic interaction. In contrast, Y-axis misalignment leads
to a gradual increase in weak mutual inductances. For instance,
even at an 80 mm Y-axis offset, the maximum M5/M>5 reaches
only 9.75 pH, which is still much smaller than L,; and L.
According to the analysis of (5) and Fig. 3, the impact of these
weakly coupled mutual inductances on power transfer can be
ignored in system-level analysis.

III. EXPERIMENTAL VERIFICATION

A 1.7kW experimental platform for the F3HDC-WPT system
is established, as shown in Fig. 14. The coupler has a planar struc-
ture with a size of 400 mm %400 mm, and the air gap between the
primary and secondary sides is set to 70 mm. On both the primary
and secondary sides, CH1 and CH2 coils are stacked together to

Coupler system of proposed F3HDC-WPT. (a) Coupler arrangement
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Fig. 14. Experimental platform.
TABLE II
SYSTEM CONFIGURATION PARAMETERS
Parameters Value Parameters Value
Vius 400V fo 100kHz

L,i/Lyi(uH) 128.27/126.95 C,1/Ci(nF) 17.42/18.34
L,»/L,»(uH) 79.27/80.20 Cpo Cop(nF) 4.08/4.21

M;(uH) 54.66 M,o/Myi(uH) 0.34/1.34

M>(uH) 21.23 M'y»/M",(uH) 0.68/3.53
R,1/R(Q) 0.55/0.58 Repi/Repp(mQ) 57/59
R,»/Ro(Q) 0.43/0.39 Rei/Rep(mQ) 52/61

Diodes(Dy, D;)  S30T200C | MOSFETS(S\=S4, 01, Q) P3M12080K3

form a compact and layered coupler structure. Both the primary
and secondary sides are equipped with isolated FPGA control
boards (FPGA1 and FPGA?2), and auxiliary power is supplied to
the control circuits. Resonant capacitors are connected on both
sides to form the resonant network.

As shown in Table II, the system parameters are configured
accordingly. The mutual inductance parameters are measured
under the condition that the coupler is aligned without any XY
offset.

A. Experimental Results Without Misalignment

For the steady-state experiment, the system is tested under a
dc bus voltage of Vi, = 400V with a resistive load of Ry, =
50 2. The system operates stably under the 3HPSM, and the
steady-state waveforms for different duty cycle D are presented
in Fig. 15, where us1_gs is the gate drive voltage of switch S;.

As illustrated in Fig. 15(a), when D = 0.4, both the super-
imposed current ¢z; and the fundamental channel current 4,
satisfy the ZVS conditions for the corresponding bridge arms,
ensuring soft-switching operation. When the duty cycles are
reduced to D = 0.3 and D = 0.2, as shown in Fig. 15(b) and (c),
ZVS is still maintained for both channels. However, a noticeable
sine-wave distortion appears in 4,1 and i,2, indicating that lower
duty cycles may introduce harmonic distortion in the current
waveform, which is unfavorable for stable control. In practical
testing, it was found that the system can maintain closed-loop
operation down to a minimum duty cycle of D = 0.15 under ideal
alignment. Below this threshold, the current waveform distortion
becomes severe, and the system fails to sustain stable control.
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B. (d) Under varying loads. (e) Detail waveforms at time C. (f) Detail waveforms at time D.

In addition, the current phase shift Ap,o gradually increases
as the duty cycle decreases. This shift is clearly visible in the
bottom waveforms of Fig. 15, where the phase Ay grows from
approximately 33° at D = 0.4 to nearly 90° at D = 0.2, reflecting
the dynamic behavior of the harmonic channel under different

modulation depths.

Fig. 16 shows the system’s dynamic response under varying
reference voltages and load conditions, operating in closed-loop

without communication. In Fig. 16(a), V;..; is adjusted between
252 V and 180 V, with a fixed resistive load Ry = 50 €.
Fig. 16(b) and (c) presents detailed waveforms at Time A and
Time B in Fig. 16(a), respectively. During this transition, the
duty cycle automatically decreases with the drop in V¢, and

the system automatically increases Aggo of the CH2 from ap-

cycle D.

proximately 26° to 82°, to maintain ZVS under the reduced duty
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Port voltage, resonant current, and ZVS waveforms on both primary and secondary sides for different duty cycles of up. (a) X-axis offset = 20 mm.

(b) Y-axis offset = 20 mm. (c) X-axis offset = 100 mm. (d) Y-axis offset = 80 mm.

In Fig. 16(d), Ry, varies from 50 €2 to 70 €2 and 60 €2, while
Viey 1s held constant at 252 V. The corresponding detailed
waveforms at Time C and Time D are shown in Fig. 16(e) and
(f). Similar to the voltage transition case, the system adaptively
modulates Ao, increasing it up to 90° during light load and
reducing it as the load increases again, ensuring ZVS operation.

These results confirm that the system can maintain wide-range
ZVS conditions while achieving dynamic power control through
the proposed 3HPSM.

B. Experimental Results Under XY -Axis Misalignment

Fig. 17 presents the steady-state waveforms of the system
under four misalignment conditions: a) 20 mm offset along
the X-axis, b) 100 mm offset along the X-axis, ¢c) 20 mm
offset along the Y-axis, and b) 80 mm offset along the Y-axis.
These experiments were conducted under closed-loop control
with a reference voltage V;..; = 252 V. As a result, the duty
cycle of the output voltage w,;, varies depending on the offset
direction to regulate the output voltage accordingly. In both
cases, ZVS is consistently maintained, as highlighted in the
waveforms.

Fig. 18 shows the dynamic waveform response of the system
under closed-loop operation with a reference voltage V,..; =
252V, when subject to misalignment along both the X-axis
and Y-axis. Throughout the entire process, no wireless com-
munication is used between the primary and secondary sides,
demonstrating the stability of the proposed 3HPSM against
significant variations in mutual inductance caused by positional
deviations. The system maintains stable output voltage reg-
ulation by automatically adjusting the duty cycle D and the
phase shift Apgo of CH2, as enabled by the proposed 3HPSM
method.

The recommended misalignment distances are 100 mm along
the X-axis and 80 mm along the Y-axis, corresponding to 25%
and 20% of the 400 mm coil size, respectively. During the
movement process, the system automatically reduces the duty
cycle of u4, to maintain a constant output voltage. To ensure
ZVS under these conditions, the system automatically increases
Aso from approximately 21° to 90° for the X-axis case, and to
82° for the Y-axis case. Despite these significant adjustments,
the output voltage remains well regulated, with peak deviations
of 30 V and 36 V, respectively.
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Fig. 18. Dynamic response of voltage and current waveforms under mis-

alignment. (a) X-axis offset from 0 mm to 100 mm. (b) Y-axis offset from
0 mm to 80 mm. (¢) Detail waveforms of no offset. (d) Detail waveforms of
Of fsetx = 100 mm. (e) Detail waveforms of O f fsety = 80 mm.
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Fig. 19.  Power loss distribution when P = 1680 W.

C. Power Loss and Efficiency Analysis

Fig. 19 illustrates the loss distribution of the system at the
rated output power of 1680 W. As shown in the left pie chart,
the primary contributor to the total system loss is the copper loss
P,,1 in CHI, accounting for 70.6% of the total loss. While the
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Fig. 20.

Performance analysis of F3HDC-WPT and SC-WPT systems under different operating conditions. (a) ZVS range and efficiency with different transmission

power. (b) ZVS range and efficiency with different O f fset x. (c) ZVS range and efficiency with different O f fsety . (d) Power distribution with different D.
(e) Power distribution with different O f f set x . (f) Power distribution with different O f fsety .

copper loss P2 in CH2 is only 5.9%, it is less than 1/10 of that
in CH1, which is consistent with the theoretical values shown
in Fig. 9(b). The power loss in CH2 accounts for only 8.3%
of the total loss. It indicates that the proposed CH2 structure,
which not only transmits part of the power but also serves as a
control channel, introduces minimal additional power loss with
negligible energy penalty.

Fig. 20 presents a comparative analysis of the proposed
F3HDC-WPT system and a conventional SC-WPT system, both
implemented on the same prototype, under various operating
conditions including D variation and XY-axis misalignment.

In Fig. 20(a), the F3BHDC-WPT system consistently achieves
higher transmission efficiency than both SC-WPT with SPSC
(single phase-shift control) and SC-WPT with PDM across
a wide range of transmission power. Notably, the proposed
system maintains efficiencies above 93% within a wide ZVS
range. While the SC-WPT with PDM also achieves a wide
ZVS range, its ZVS current approaches zero, which (due to
the presence of parasitic capacitance) may still result in hard
switching and partial energy loss. Consequently, its efficiency
remains between that of the proposed F3AHDC-WPT and the
conventional SC-WPT with SPSC. Fig. 20(b) and (c) illustrates
the system efficiency under X-axis and Y-axis misalignment,
respectively. Even as misalignment increases, the F3HDC-WPT
system maintains higher efficiency and a broader ZVS operating
range compared to both SC-WPT methods.

Fig. 20(d) shows the corresponding active and reactive power
distribution. As the duty cycle increases, the power contribution
from CH2 also increases, accompanied by a moderate drop
in CH2 reactive power QQc g2, which helps maintain ZVS.

Fig. 20(e) and (f) details the power distribution under these mis-
alignment conditions. The active power is dynamically shared
between CH1 and CH2, while CH2 also contributes adjustable
reactive power ()¢ pro, ensuring wide range ZVS.

D. Comparison of Existing Works

Table III compares the proposed F3HDC-WPT system with
several existing methods in terms of efficiency, ZVS capability,
control complexity, and coupler power density. The relatively
high coupling coefficient (k) in CH1 results from the ZVS
optimization design requirements, while the coupling coefficient
in CH2 is comparable to or lower than the listed works. The
proposed method achieves a high peak efficiency of 94.39% .
Although this peak efficiency is comparable to some referenced
studies, the proposed system clearly excels at partial loads,
exhibiting a notably high half-power efficiency of 93.50% .
Additionally, the proposed system provides a broader ZVS oper-
ation range compared to previous works, significantly enhancing
efficiency, especially at partial load conditions. Furthermore,
it achieves effective power control without communication de-
vices or HFDS, reducing implementation costs and complexity.

In terms of power density, the proposed coupler achieves a
moderate value (1.06 W/cm?) compared with other methods,
benefiting from its rational structural design. The introduction
of the third harmonic channel does not significantly reduce the
coupler’s power density, indicating a well-balanced integration
of harmonic transmission capability and physical compactness.

Although the proposed system adds an extra resonant channel
and a ZCD-based sampling circuit, the overall cost increase is



2956

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2026

TABLE III

COMPARISON OF

EXISTING METHODS

Reference [3] [15] [19] [21] [23] [28] [29] [33] This work
Power 0.5 kW 1 kW 3 kW 5kW 1 kW 1 kW 0.13 kW 3 kW 1.7 kW
Dc Voltage Level 60V 300 V 300 V 400 V 150 vV 200 V / 140 V 400 V
Switching Frequency 91.68 kHz 84.27 kHz 85 kHz 85.5 kHz 100+200 kHz 20 kHz 50 kHz 85 kHz 100 kHz
Resonant Frequency 91.68 kHz 84.27 kHz 85 kHz 85.5 kHz 100+200 kHz 18 kHz+54 kHz 50+150 kHz 85 kHz 100+300kHz
Coupling coefficient (k) 0.16~0.22 0.16—0.22  0.19—0.40 EH; 8;? / 0.35—0.74 83232 EH;E;?:_O(?;
Peak Efficiency 94.19% 94.27% 91.5% 93.2% 84.1% 83% 83% 94% 94.39%
50% Power Efficiency ~92% <92.5% / ~90.0% / / ~79% / 93.5%
ZVS range * * kK * & / / * * ok k
Power Control Without Comm. No Yes Yes No No No No No Yes
Without HFDS No Yes Yes Yes / / / / Yes
Power Density of Couplers / / 0.65 W/em? / 1.67 W/em? / 0.80 W/em? 2,14 W/em?  1.06 W/em?
Cost Per Kilowatt Comparison High High Low Low High Medium High Low Medium

Note: HFDS is high frequency digital sampling; Comm. is communication.

limited, as these additional components are low-cost compared
to the overall system. As shown in Table III, the cost per kilowatt
is estimated at a moderate level, reflecting a balanced tradeoff
between added functionality and system cost.

Overall, the proposed topology offers superior efficiency,
wide-range ZVS, simplified communication-free control, and
balanced coupler performance, making it a competitive solution
in practical WPT applications.

IV. CONCLUSION

This article has presented a novel F3HDC-WPT system,
achieving closed-loop power control without communication
devices or parameters identification techniques. Theoretical
analysis of power transmission and comprehensive ZVS con-
ditions was provided to validate the proposed system design.
By introducing a harmonic channel and an efficient two-stage
synchronous control strategy, the system simultaneously accom-
plishes communication-free closed-loop feedback and wide-
range ZVS for all switches.

Experimental results confirmed that the proposed
F3HDC-WPT system successfully realizes synchronous
power regulation up to 1.7 kW, achieving a peak efficiency of
94.39% . Moreover, due to its wide-range ZVS capability, the
system maintains high efficiency at partial loads, exhibiting
approximately 93.5% efficiency at half-power conditions.

Compared to traditional single-channel WPT systems, the
proposed F3HDC-WPT topology introduces an additional har-
monic channel and corresponding control loop to achieve wide-
range ZVS and communication-free power control. This in-
evitably increases system cost and control complexity. However,
the overall control strategy remains relatively simple, and the
loss introduced by the harmonic channel is shown to be minimal.
Given these characteristics, the proposed method demonstrates
promising potential for medium/high-power WPT applications.

In addition, the proposed design features a relatively short
transmission distance and a correspondingly higher coupling
coefficient. Future work may explore further optimization to
enhance performance under lower coupling conditions, such as
incorporating ferrite structures to extend transmission range,

adopting more advanced topologies, and refining the design
methodology.

Beyond the proposed S—S based topology, the proposed
method also has potential to be applied in other compensation
topologies such as LCC. While the LCC topology offers good
constant-voltage output and better ZVS performance under load
variations, its weaker current filtering makes it less suitable
for the third harmonic phase feedback channel. However, using
LCC in the fundamental channel could reduce the required third
harmonic current for ZVS and improve performance under light
load or frequent load changes. In such cases, the harmonic
channel can still support power control under misalignment.
Further investigation will be carried out in future work.
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