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Abstract

Compared with conventional two-coil wireless power transfer (WPT) systems, three-coil
WPT systems with an intermediate relay coil offer superior performance in terms of trans-
mission distance and tuning flexibility, making them suitable for a wider range of appli-
cations. To address the CC/CV hybrid charging challenge in practical three-coil wire-
less power transfer (WPT) systems, based on the dual-frequency compensation network
(DFCN), this paper proposes a dual-frequency switchable LCC-5-S and S-5-S compensated
three-coil topology along with a systematic parameter tuning methodology. Furthermore,
the proposed system exhibits zero-phase angle (ZPA) input impedance characteristics at
both resonant frequencies, and the ZPA condition remains invariant under coupling coeffi-
cient variations. Unlike conventional approaches requiring additional active components,
such as relays or AC switches, the proposed compensation topology realizes simple and
efficient CC/CV hybrid charging by only switching between two resonant frequencies. An
experimental prototype rated at 400 W is constructed to assess the efficacy of the presented
framework. The system has a simple structure, is easy to control, and has stable output.
The peak DC-DC efficiency reaches 92.15% and 92.75% in both the CC and CV charging
modes, respectively.

Keywords: wireless power transfer (WPT); LCC-5-S and S-S-S compensated three-coil
topology; dual-frequency compensation network (DFCN); constant current/constant
voltage (CC/CV); zero-phase angle (ZPA)

1. Introduction

Conventional wired charging methods suffer from certain limitations in terms of safety
and space utilization. Fueled by recent breakthroughs in power electronics and automatic
control technologies, wireless power transfer (WPT) technology has achieved significant
advances in recent years. Compared with conventional wired charging methods, WPT
technology has been widely recognized by both academia and industry attributable to
its multifaceted advantages spanning secure operation, user convenience, environmental
viability, and consistent reliability [1,2]. Based on different coupling mechanisms, WPT
systems can be broadly divided into inductive power transfer (IPT) and capacitive power
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transfer (CPT) [3,4]. Owing to its high technological maturity and strong applicability, IPT
has been widely adopted in various applications, such as electric vehicle charging [5], mo-
bile electronic devices [6], implantable medical devices [7,8], unmanned aerial vehicles [9]
and wearable portable devices [10].

The load of a WPT system is typically a lithium-ion battery, whose typical charging
characteristics are illustrated in Figure 1. Constant current (CC) charging and constant
voltage (CV) charging constitute the two fundamental phases of a standard battery charging
protocol. During the CC charging stage, the battery is charged at a preset constant current,
causing the battery voltage to increase rapidly. Once the battery voltage reaches the
specified threshold, the charging process transitions to the CV charging stage, where the
charging current gradually decreases. Once the current decreases below the preset cut-off
limit, the charging operation ceases. Dynamically, the equivalent load resistance of the
battery increases nonlinearly as charging proceeds. Consequently, realizing CC/CV hybrid
charging in WPT systems under variable load conditions has become a critical practical
issue for the further application of WPT technology.

CC Mode : CV Mode

Battery Charging Current(A)
Battery Charging Voltage(V)

Figure 1. Typical CC/CV charging characteristics of a lithium-ion battery.

In WPT systems, the resonant compensation topology plays a crucial role, as its
structure and parameters directly determine system performance in terms of output char-
acteristics, transmission efficiency, power transfer capability, and other related aspects.
The resonant compensation topology should exhibit zero-phase angle (ZPA) characteris-
tics under resonant conditions to reduce reactive power losses and improve the power
transfer capability of the system. Furthermore, the output characteristics of the resonant
compensation topology should exhibit load-independent CC or CV characteristics to meet
the requirements of battery charging applications. Currently, the series—series (S-S), series—
parallel (S-P), parallel-series (P-S), and parallel-parallel (P-P) compensation topologies are
widely adopted as fundamental resonant compensation structures in WPT systems [11].
Although these topologies offer advantages of simple structures and ease of design, their
output characteristics are highly sensitive to the coupling conditions and resonant compen-
sation parameters, leading to limited degrees of freedom for parameter tuning. To overcome
these limitations, researchers have proposed various high-order compensation topologies,
including S-SP [12], LCC-P [13], LCC-5 [14], and dual-sided LCC (LCC-LCC) [15]. These
topologies significantly enhance the performance and application potential of WPT systems.
Conventional resonant compensation topologies can generally achieve only a single CC or
CV output characteristic under resonant conditions, which limits their ability to meet the
requirements of CC/CV hybrid charging in WPT systems.

Currently, there are mainly three approaches to achieving CC/CV hybrid output and
ZPA operation in WPT systems:

(1) Additional DC/DC converters: In [16,17], an additional DC/DC converter is intro-
duced at the output stage to regulate the output voltage/current. Although this
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approach enables both CC/CV charging and ZPA operation, the multi-stage power
conversion structure significantly increases the conduction losses and hardware com-
plexity of WPT systems.

(2) Phase-shift modulation (PSM) and frequency conversion control (FCC): In [18-20], a
hybrid PSM-FCC strategy is proposed to achieve CC/CV output and zero voltage
switching (ZVS) operation by jointly regulating the inverter phase-shift angle and
switching frequency. However, the coupling between the two control variables in-
creases the complexity of the control algorithm and deteriorates the dynamic response.
Furthermore, the frequency modulation process may drive the system away from the
ZPA operating point, resulting in additional reactive power losses.

(8) Compensation topology reconstruction: In [21,22], conventional compensation topolo-
gies are dynamically reconfigured by incorporating AC switches (ACSs) and passive
resonant compensation components to achieve CC/CV output and ZPA operation in
WPT systems. Nevertheless, the multiple ACSs are typically distributed on both the
transmitter and receiver sides, requiring strict timing synchronization during switch-
ing operations. This considerably complicates the control strategy and increases
the overall system complexity. In addition, the introduced ACSs cause additional
switching and conduction losses, which degrade the system efficiency.

The aforementioned approaches for realizing CC/CV hybrid output and ZPA
operation are mainly developed based on conventional two-coil WPT structures. How-
ever, conventional two-coil WPT systems suffer from engineering limitations, such
as short transmission distances and limited degrees of freedom for parameter tun-
ing. To improve the transmission distance and increase the degrees of freedom for
parameter tuning, one or more repeater coils are commonly inserted between the trans-
mitter and receiver coils, resulting in the formation of three-coil or multi-coil resonant
compensation topologies.

Compared with conventional two-coil WPT systems, multi-coil WPT systems exhibit
more complex and diverse resonant conditions, making it more challenging to achieve
CC/CV hybrid output and ZPA operation. In [23-25], multi-relay architectures (domino
coils) are employed to effectively enhance the transmission distance and improve the effi-
ciency at specific operating points. However, the parameter tuning of these approaches
relies on static load conditions. Consequently, under the dynamic load variations in WPT
systems, they are unable to achieve CC/CV hybrid charging and maintain ZPA charac-
teristics simultaneously. In [26-29], high-order compensation networks are introduced
to improve the output characteristics under specific operating conditions. Nevertheless,
limited by the fixed resonant network parameters, these approaches can only achieve a
single CC or CV output characteristic. Furthermore, during CC-to-CV mode transitions
under wide load variations, the system becomes detuned, resulting in the degradation
of ZPA performance. In [30-34], auxiliary AC switches or relay arrays are introduced to
dynamically reconfigure the compensation topology, thereby achieving CC/CV hybrid
charging and ZPA operation. However, similar to the topology reconstruction method men-
tioned above, these hard-switching mechanisms require complex switching logic, which
considerably increases the control complexity of WPT systems.

To address the aforementioned limitations of WPT systems, this paper proposes a
dual-frequency compatible LCC-5-S and S-5-S compensated three-coil topology with CC
and CV outputs for WPT applications, along with its parameter tuning method. The reso-
nance conditions and ZPA operating conditions are systematically derived. The proposed
compensation topology requires neither modification of the inherent system parameters
nor additional relays or complicated control strategies. By simply switching between two
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resonant frequencies, the proposed topology realizes dual-mode CC/CV operation while
simultaneously maintaining the ZPA input characteristics.

Specifically, the core innovations of the proposed method over previous studies are
listed as follows:

(1) Based on the research background of three-coil compensated WPT topologies, this pa-
per proposes a dual-frequency compatible topology. Without modifying the inherent
system parameters or introducing additional complex control strategies and hard-
ware components, the proposed topology achieves load-independent CC/CV output
characteristics and ZPA operation at both resonant frequencies, thereby reducing the
overall system cost and control complexity.

(2) Based on the proposed three-coil compensated topology, a parameter design method
is developed. The proposed method enables the ZPA operation characteristics of
both operating modes to be insensitive to variations in the coil coupling coefficient.
Consequently, no parameter redesign is required under different coupling conditions,
and stable ZPA operation can be maintained at both resonant frequencies, significantly
enhancing the robustness and adaptability of the system.

2. Theoretical Analysis of the Proposed Compensation Topology

The proposed compensation topology is shown in Figure 2. The proposed three-coil
compensation topology mainly consists of a DC voltage source Uy, a high-frequency
inverter (HFI), a three-coil coupler, three resonant compensation networks, a single-phase
bridge rectifier (SBR), and a battery load. The full-bridge HFI is composed of four power
MOSFETs (Q1—Q4) and is used to convert the DC voltage U, into the high-frequency AC

voltage U p.

Repeater
Transmitter Section Section Receiver Section
ip,| ©
N
b Co l{f’[]RL
Yol

Figure 2. Dual-frequency switchable LCC-S-S and S-S-S compensated three-coil topology.

The duty cycle of the aforementioned square-wave voltage u AB is set to 0.5. For sim-
plicity of analysis, the fundamental harmonic analysis (FHA) method is adopted to analyze
this voltage waveform. Under this condition, the root mean square (RMS) amplitude of the

first harmonic for the square-wave voltage U ap is formulated as:

2V2 1)

Upp = ‘UAB —

The three-coil coupler consists of a transmitter coil, a repeater coil, and a receiver
coil. The respective self-inductances are defined as Ly, Ly, and Ls. The magnetic couplings
among the coils are quantified by the mutual inductances My, Mps, and M;s, respectively,
and Rp, Ry, and Rs represent the parasitic resistances of the three coils.

The transmitter-side resonant compensation network consists of two compensation
inductors Ly; and L and three compensation capacitors Ca, Cp, and Cy. The repeater-
side compensation network consists of one compensation inductor L, and two compen-
sation capacitors C; and C,. The receiver-side compensation network consists of one
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compensation inductor Lz and two compensation capacitors Cs and C3. The transmit-
ter, repeater, and receiver sides are each equipped with a dual-frequency compensation
network (DFCN), namely DFCNa, DFCNDb, and DFCN(, respectively. The operating mech-
anism and parameter design procedure of the DFCNs will be presented in detail in the
subsequent sections.

The SBR is composed of four diodes (D1—-Dj) and is used to convert the AC voltage

U,p and AC current I into DC output voltage and current. The corresponding rectified
voltage and current are denoted as U, and I, respectively. With the output low-pass filter
composed of a DC capacitor Cq, the RMS values of the AC and DC components satisfy the
following relationship:

u() = %ﬁuab (2)
I, = 22],

In Equation (2), let Uab and Is represent the RMS values for the AC input voltage and
current of the full-bridge rectifier. Based on (2), the relationship between the equivalent AC
resistance R, and the battery’s equivalent resistance can be expressed as:

8

Ry = ?RL 3)

The general structure of the three DFCNs in Figure 2 is shown in Figure 3.

L
Cil

Ci2

Figure 3. Schematic diagram of the DFCN structure.

The equivalent impedance Zppcn of the overall DFCN can be derived as follows:

_ 1 1
ZDECN = o0 T Tjensecs s
_ j[@PLi(Cu+Cip)—1] (4)

7w (1-w?LiCp)

It can be observed from (4) that the DFCN exhibits different resonance characteristics
under different operating frequencies w. The resonance conditions and characteristics of
the DFCN at different operating frequencies are listed in Table 1. In Table 1, ws. and wc
denote the operating frequencies at which the DFCN exhibits short-circuit and open-circuit
characteristics, respectively.

Table 1. Characteristics of the DFCN.

Mode I II III IV

DECN e Al ] b Chn Al E b Cii C i 1 Ci Al i
equivalent oﬁm o-i_| | o-i_| i E OJE_| ]

del 2 2 ¥ Y
Resonant 0 < w < ws, W = Wee = _ _ —=
condition W > Woc 1/+/Li(Cyqp + Ci2) Wse < W < Woc W =woe =1/vLiCp

Impedance —jx(x > 0) 0 +jx(x > 0) oo
characteristics Capacitive Short circuit Inductive Open circuit
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For simplicity of subsequent analysis, the HFI and SBR in Figure 2 can be equivalently

modeled as a sinusoidal voltage source U,, and an AC equivalent resistance R,, respec-

tively, according to (1) and (3). Meanwhile, the three DFCNs in Figure 2 can be equivalently

modeled as three general reactances Z; = jwX; (i = a, b, ¢), respectively. Considering the

large separation distance between the transmitter and receiver coils, the mutual inductance

Mps between them and the parasitic resistances Rp, Ry, and R of the coils are neglected. Ac-

cordingly, the proposed compensation topology in Figure 2 is simplified into an equivalent

circuit based on the mutual inductance model, as shown in Figure 4.

Transmitting Resonant

network

L

S.
w

=
o
=

(@)

D‘g

®

Repeating Resonant Receiving Resonant
network network

L

+ +
oM,

Figure 4. Equivalent circuit model of the proposed compensation topology.

When the system is tuned to the resonant frequency wcc, all three DFCNSs in the

proposed compensation topology are operated under Mode I conditions given in Table 1,

and they can be equivalently represented as three resonant compensation capacitors Cxa,

Cyp, and Cxc. Under this condition, the proposed compensation topology can be equiva-

lently transformed into an LCC-S-S structure, and its corresponding equivalent circuit is

illustrated in Figure 5.
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Figure 5. Equivalent LCC-S-S structure of the proposed compensation topology in CC mode.

The expressions of the three equivalent resonant compensation capacitors Cya, Cyp,

and Cx are given as follows:

Co. — Ca(w?L1C1—1)
Xa = 2L (C+Ca)-1
_ Cr(szz(:z*l)
Cxp = W2y (Ca+Cr)—1 ®)
Co— Cs(w?L3C5—1)
XC T 215(Cyt Co) 1

The equivalent circuit of the designed topology is established based on the mutual

inductance model, as depicted in Figure 5. According to this figure, the voltage equations

of each loop can be established according to Kirchhoff’s voltage law (KVL), as expressed

in (6).
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Uap jwLpy + (jwCxa) ™! (jwCxa) ™! 0 0 Iap
o (jwCxa) " jwLp + (jwCp) ™" + (jwCxa) " jeoMpy 0 Ip ©)
0| 0 jeoMpy jwLr + (jwCyp) ™! jwMis I
0 0 0 jwMrs jwLs + (jwCxe) '+ RoJ | I

where Iag, Ip, Ir, and Is denote the loop currents, respectively. To facilitate the subse-
quent theoretical derivation, the impedance terms in the KVL matrix of (6) are simplified
as follows:

Za_CC = (]‘wcxa>71

Zy cc = (jwCy) '

ZC_CC = (jwcxc)_l

Zy cc = jwLpr +Za cc @)
Zy cc = jwLp + (jwCp) ™" + Zy cc

Z3 cc = jwlr +Zp cc

Z4_CC = ] wLs + ZC_CC

The mutual inductance terms can be equivalently expressed as:

ZMpr = j“JMpr (8)
ZMrs = jers

Combining (6)—(8), the loop KVL matrix can be simplified as follows:

Uap = Z1_cclap — Za_cclp

0= _Za_CCIAB + ZZ._Cij - ZMprIr )
0= ZMprIp —7Z3 ccly + ZnisIs

0 = —ZnrsIr + Z4 ccls + Rol

Based on (9), the input AC current [ and output AC current I5 can be further derived
as follows:

- Zy.ccZiys 22 ccZs.ccZs cctZs o Zjgpy T (Zigpe—Z2_ccZs o) Ro
Iap = acc+pPecRo AB (10)
'I — ZaﬁCCZMprZMrs .

s acc+pPccRo

where acc and Bcc are defined as:

{ acc = (Z1 ccZa cc = Z; cc)Zies + (Zanpr — Zo_ccZa cc)Z1 ccZa cc + Zs ccZa ccZi_cc a1

Bcc = Zl,cczﬁqpr +7Z5 ccZ cc — Z1.ccZaccZs cc

Based on (10), the analytical expressions of the transconductance gain Gry and the
input impedance Z;, cc under this mode can be further derived as follows:

I Za cCZnipeZ
GIV = |- s _ a_CC4&Mpr4Mrs (12)
Uag ace + BecRo
Zi cc— Uap| acc + BccRo (13)
mn_| - . -
Ing Zy ccZips — Zo ccZs ccZs cc + Z4_CCZ§/[pr + (Zﬁ/[pr —Zy ccZ3 cc)Ro
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According to the transconductance gain expression in (12), a load-independent CC
output can be achieved when Bcc = 0. The corresponding resonance condition is given
as follows:

Bcc = Z1_Cczlz\4pr +Z5 ccZi oc —Z1.ccZo ccZs cc =0 (14)

According to (13), when Bcc =0, the input impedance Z;, cc should be purely resistive
to ensure ZPA operation in the CC mode. Therefore, the following condition should
be satisfied:

Zy ccZips — Z2.ccZs ccZa cc + Zs ccZippr = 0 (15)

Theoretically, there are an infinite number of solutions that satisfy Equation (15).
Considering that the misalignment of the coupling mechanism during the actual charging
process causes variations in the mutual inductance, to prevent the ZPA condition in the CC
mode from being affected by the mutual inductances M;s and My, during practical system
operation, Z, cc and Z4 cc in Equation (15) can be set to zero, yielding;:

1 1 1

2
= = ].
YT LG T LpCa  LeCx 16)

Based on the above analysis, substituting Z, cc = 0 into Equation (14) yields:
Bec = Z1_ccZippr + Zs ccZi cc =0 (17)

The solution sets satisfying Equation (17) can be divided into two cases: one is
Z1 cc = Z3 cc = 0, and the other is Z1 cc # 0, Z3 cc # 0. Similarly, to prevent the
CC output condition of the system from being affected by the mutual inductance Mp,
during actual system operation, Z; cc = Z3 cc = 0 should be selected as the solution for
Equation (17). Combining this with Equation (7), the resonant conditions for achieving the
CC output of the system can be obtained as:

PR S
cc Lplcxa Lerb

(18)

At the resonant frequency wj, the magnitude of the output AC current I5 can be
expressed as:
. Myl
i, = JVproAB (19)
weeMrsLpy
According to the relationship between the AC and DC currents before and after
rectification, the expression for the DC output current I, can be obtained as:
8Mp U,
lo = —5 1 29C (20)
1=wecMrsLpy
When the system is tuned to the resonant frequency wcy, setting DFCNa in the
compensation topology to operate under Mode IV as shown in Table 1 makes it equivalent
to an open circuit; simultaneously, setting DFCNb and DFCNc to operate under Mode I as
shown in Table 1 makes them equivalent to two capacitors C,;, and Cyc. At this time, the
proposed compensation topology can be equivalent to an S-5-S structure, and its equivalent
circuit is shown in Figure 6.
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Figure 6. Equivalent S-S-S structure of the proposed compensation topology in CV mode.

In CV mode, since DNCNa is equivalent to an open circuit, parallel resonance occurs

between L; and C; in DFCNa:
1

.G (21)

Wey =

Based on the equivalent circuit of the proposed compensation topology with the

mutual inductance model shown in Figure 6, and applying KVL, the loop voltage equations
can be formulated as shown in Equation (21):

Uap jwLpt + (jwCp) ™" + jwLp jw Mpy 0 Iap
0 | = jwMpr jwLe + (jwCy) ™" jwMys I, (22)
0 0 jwMs jwLs 4 (jwCxe) " 4 Ro | | Is

To facilitate subsequent theoretical derivations, the impedance terms in the KVL matrix
corresponding to Equation (21) are appropriately simplified:

Zy cv = (jwCxp) "

ZC_CV = (jwcxc)_l

Z1 cv = jwLp + (jwCp) ™" + jwLp (23)
Zy cv = jwlr +Zy cv

Z3 cv = jwls +Z cv

By combining Equations (8), (22) and (23), the loop KVL matrix can be simplified to:

Uap = Z1_c_v1AB - ZMp.rjr .
0= —ZmprIaB + Z2_cvlr — Zmisls (24)
0= _ZMrsIr + Z3_CVIs + Rols

Based on Equation (24), the current expressions for the input AC current IAp and the
output AC current [s in CV mode can be further derived as:

_ Zo cvZs cv—284s+ 720 cvRo

IAB - acv+pPcevRo uAB (25)
_ ZMprZMrs
S = acvtPcvR, ~AB
where acy and Bcy are expressed as:
2 2
acy = Z1.cvZo cvZls.cv — Z1_cviins T LvipeLs_cv
P (26)
Bev = Z1 cvZo cv — 232
CV 1_CV£2 CV Mpr
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Based on Equation (25), the analytical expressions for the voltage gain Gyy and the
input impedance Z;, cy are as follows:

o I sRo - ZMprZMrs
Gvv U | |aeyRa T+ (27)
AB CVIRo Ccv
Zi oy = Uap _ acy + BcvRo (28)
in_ = =
Iap Zy cvZs_cv — Zipes + Z2_cvRo

According to the voltage gain Equation (27), when the parameter acy = 0, a load-
independent CV output can be realized by the proposed system, and the corresponding
resonant condition is given as:

acv = Z1.cvZa evZ3.cv — Z1.cvZs + ZigprZa cv = 0 (29)

According to Equation (28), when acy = 0, in order to make the input impedance
Zin_cv purely resistive and ensure ZPA operation in CV mode, the following condition
must be satisfied:

Z, cv=0 (30)

Namely, the ZPA realization condition in CV mode is:

Wiy = (31)

Substituting Z, cy =0 into Equation (29) yields:
acv = —Z1 cvZites + ZigpeZa cv =0 (32)

The solution sets satisfying Equation (32) can be divided into two cases: one is
Z1 cv = Z3 cv =0, and the other is Z; cy # 0, Z3 cv # 0. Similarly, to prevent the CV
output condition of the system from being affected by the mutual inductance My, and M;s
during actual system operation, Z; cy = Z3 cy = 0 should be selected as the solution for
Equation (32). Combining this with Equation (23), the resonant conditions for achieving
the CV output of the system can be obtained as:

’ 1 1

Wey = = 33
cv (Lp1 + Lp)Cp  LsCxc (33)

At the resonant frequency wcy, the magnitude of the output AC voltage Uab can be
expressed as:
MrsUap

U =
ab Mpr

(34)
According to the relationship between AC and DC voltages before and after rectifica-
tion, the expression for the DC output voltage U, can be obtained as:

_ Mrs Udc

o = =3 35)

3. Design Procedure of System Parameters and Controller

The compensation topology parameters are critical factors for the WPT system to
achieve CC/CV frequency switching. To realize hybrid CC/CV wireless charging and
ZPA operation of the input impedance, the component parameters of the proposed dual-
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frequency compatible WPT system need to be designed based on the aforementioned
resonant conditions in CC and CV modes. The parameter design method for achieving
CC/CV output and ZPA operation of the system is detailed below.

First, according to the specific requirements of the application, certain parameters of
the proposed dual-frequency compatible compensation topology are preset, as shown in
Table 2. To determine the remaining resonant parameters of the compensation topology;,
a comprehensive analysis must be performed by combining the resonant conditions for
CC/CV output and ZPA operation derived in Section 2.

Table 2. Preset parameters of the proposed dual-frequency switchable compensation topology.

Symbols Parameters Values
Uge DC-link input voltage 200V
fce Resonant frequency1 (for CC mode) 200 kHz
fev Resonant frequency?2 (for CV mode) 85 kHz
P, Output power rating 400 W
U, Charging voltage 80V
Iy Charging current 5A
Ly Repeating coil inductance 308 uH
Ls Receiving coil inductance 210 uH
Li Parallel compensation inductance of DFCN 100 uH
Mpr Transmitting and repeating mutual inductance 65 uH

First, based on the preset constant DC output voltage in Table 2 and Equation (35), the
mutual inductance M;s between the repeater coil and the receiver coil in the system can be
calculated as:

s — (36)

According to the preset constant DC output current in Table 2 and Equation (20), the
value of the transmitter side series compensation inductor Ly can be calculated as:
8Mp U
Ly = zpirdc (37)
m=wecMrslo
According to the system CV resonant condition shown in Equation (21), the value of
the parallel resonant compensation capacitor C; in DFCNa can be calculated as:

1

Cl=—5—
2
“vaLl

(38)

According to the system CC resonant condition shown in Equation (18), and by
simultaneously solving Equations (5) and (18), the value of the series resonant compensation
capacitor C, in DFCNa can be calculated as

B 1-— wécLlcl
wéc(h + Lp1 — w%CLpl L1Cq)

(39)

a
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According to the CC and ZPA resonant conditions in CC mode shown in
Equations (16) and (18), simultaneously solving Equations (16) and (18) yields:

1
2
< (Lp = Lp1)Cp
According to the system CV resonant condition shown in Equation (33), and by
simultaneously solving Equations (33) and (41), the self-inductance L;, of the transmitter
coil and the series compensation capacitor C}, can be obtained as:

2 2
L — Lp1 (wec+wey)
P W2 —w?
cc—wWey (41)
2 2
C, = ‘Uccz“’cg
P 2Lp1wecwey

To achieve CC/CV output and ZPA operation over the entire load range for the pro-
posed WPT system, Equations (5), (16), (18), (31) and (33) should be solved simultaneously
to satisfy the resonant conditions for both CC/CV output and ZPA operation. Thus, two
sets of solutions for capacitors C;, Cp, Cs and C3 can be obtained, denoted as C; ;, C; ;,

Cs i, C3i (i=1, 2), respectively. The specific expressions for these two sets of capacitor
parameters are as follows:

C, .= VE(wkctwdy)EA
-] 2y/Lwicw?y (Ly+Le)
Cpim —Lov/Lewc+LovLewdy F(Lo+Le) A= LY 2w+ L 2w}y,
- Lywc (2Ly VIiwdy — L o+ L 2wl FL A)
Coi= VELsw?c++/Lsw?y+B
2y/Lew? wy (L3+Ls)
Csim —L3v/Lewdc+Lav/Lwdy F(La+Ls) B—L3 *wE +L13 %W}y
- Lywc (2Lav/Lswdy — L3 2wl +L3 2wy FLsB)

(i=1,2) (42)

where A and B are given by:

A =\ AL Wy + Liwke — 2Lewdcwly + Liwdy

(43)
B = \/—4LswRcwdy + Lowkc — 2Lswcwdy + Liwdy,

Based on Equations (37)—(43) and the preset parameters of the proposed compen-
sation topology listed in Table 2, the remaining resonant parameters of the proposed
dual-frequency compatible compensation topology can be further calculated, as listed in
Table 3:

As shown in Equations (42) and (43), the two DFCN in the repeater circuit and receiver
circuit correspond to two different sets of resonant capacitance parameters. Although both
sets of resonant parameters satisfy the system’s CC/CV and ZPA resonant conditions,
the system characteristics vary under different parameters. Therefore, it is necessary to
perform a comparative analysis of the system performance under these two parameter sets
to ultimately determine an optimal solution.

The definition of the system’s input impedance angle 6y, is shown in Equation (44),
where the operators “Im” and “Re” denote the imaginary and real parts of the input
impedance, respectively:

_ 180° tan-1 Im(Zin)

0.
in = T M Re(Zin)

(44)

Based on the compensation topology parameters given in Tables 2 and 3, along with
Equations (12), (13), (27) and (28), the transconductance gain, voltage gain, and input phase
angle of the system under two sets of different resonant compensation capacitor parameters
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were calculated and analyzed. Figure 7 shows the system frequency characteristic curves

under these two sets of resonant parameters.

Table 3. Main resonant parameters of the proposed dual-frequency compensation topology.

Symbols Parameters Values
M Repeating and receiving mutual inductance 26 uH
Ly Transmitting compensation inductance 64.5 uH
C1 Transmitting parallel compensation capacitance 35.06 nF
Ca Transmitting series compensation capacitance 14.91 nF
Lp Transmitting coil inductance 92.9 uH
Cp Transmitting series compensation capacitance 22.26 nF
Ci1 Repeating series compensation capacitance 1 791 nF
Coq Repeating parallel compensation capacitance 1 9.11 nF
Cs 1 Receiving series compensation capacitance 1 9.91 nF
Cs 1 Receiving parallel compensation capacitance 1 10.67 nF
Cr o Repeating series compensation capacitance 2 2.23nF
Coo Repeating parallel compensation capacitance 2 32.28 nF
Cs 2 Receiving series compensation capacitance 2 3.44 nF
Cs 0 Receiving parallel compensation capacitance 2 30.73 nF
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Figure 7. Transconductance gain, voltage gain, and input phase angle of the proposed compensation
topology. (a) Transconductance gain (C; 1, Cp 1, Cs_1, C3_1). (b) Transconductance gain (C; 5, C; 2,
Cs_2, C3.2). () Voltage gain (Cy_1, Co_1, Cs_1, C5_1). (d) Voltage gain (C; 2, C2_2, Cs_2, C3_2). (e) Input
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phase angle (C; 1, C2_ 1, C5 1, C3_1). (f) Input phase angle (C; 5, Cy 3, Cs 2, C3 ). Furthermore, based
on frequency response analysis, considering that system parameter design tolerances may vary across
different resonance parameter sets, we also perform a sensitivity analysis of the system parameters
under both resonance conditions to identify the more robust set of resonance parameters. The system
phase angle, output voltage, and output current were calculated and plotted as functions of the
nominal value under two distinct sets of capacitor parameters, as shown in Figure 8.

1.2 90 2
L —C --cCl —C =-=Cl —C =--Cl
B Cp (& N Cp 1 T N Cp Crl
SN €1 —Cs_1 €21 —Cs_1 - _g,: —Cs_1
RN PR st < S 211 - -Gl T L T e == 215
\ = ; 3
\\ % < %
Y g 2 opeee N onznni] g
""" 31 s 0 TEEtA B | bweeee=s ==SEao
\ bt g o -
N = 3 El
g & g
S —— oo E s | T Sos B Y
S~ . |0 S et Cp crl
= Q1 —Csl
-=C
0.8 0
0.9 1 L1 0.9 1 11 0.9 1 11
Normalized Parameter Normalized Parameter Normalized Parameter
(a) (b) (d)
1.2 2
pro— EP—— —C --cl
p a2 | e o a2 o T~ 1 e Cp Cr2
€22 —Cs €22 —Cs2 - 2 —0Cs2
--QG2 é‘ 1 -2 = Lg_ L5 -=-C2
£ = 3
=
g Y <
el B e jg“ g
------ % £ 3
N ~ N
E E E
5 5 £
z = z
0.8
09 1 L1 0.9 1 1.1
Normalized Parameter Normalized Parameter Normalized Parameter Normalized Parameter
(e) () (8 (h)

Figure 8. Input phase angle, normalized output current and voltage versus normalized resonant
parameters under two sets of resonant parameters (@R, = 16 (2). (a) Input phase angle in CC mode
(Cr 1,C2.1,Cs 1, C3 1). (b) Normalized output current in CC mode (C; 1, Cp 1, Cs_1, C3_1). (c) Input
phase angle in CV mode (C; 1, C3 1, Cs_1, C3_1). (d) Normalized output voltage in CV mode (C; 1,
C2 1, Cs_1, C3.1). (e) Input phase angle in CC mode (C; 3, C3 2, Cg 2, C3 2). (f) Normalized output
current in CC mode (C; , Cp 2, Cs 2, C3 ). (g) Input phase angle in CV mode (C; 2, C 2, Cs 2, C3 7).
(h) Normalized output voltage in CV mode (C; 2, Cy 2, Cg 2, C3 ).

As can be seen from Figure 7a,b, over a wide load variation range, the system under
both sets of resonant parameters achieves load-independent CC output at the resonant
point wce =200 kHz. Furthermore, the transconductance gain Gyy of the system exhibits
a non-monotonic variation on both sides of the CC resonant point, first increasing and
then decreasing.

As can be seen from Figure 7c,d, under load variations, the system under both
sets of resonant parameters achieves load-independent CV output at the resonant point
wcy = 85 kHz. However, under the second set of resonant parameters, the system'’s voltage
gain Gyy exhibits a monotonic decreasing trend on both sides of the CV resonant point,
which is extremely sensitive to frequency offsets. This characteristic degrades the parameter
tuning tolerance of the system.

As can be seen from Figure 7e,f, during variable load operation, the system under both
sets of resonant parameters achieves ZPA operation at the resonant points wcy = 85 kHz and
wcc =200 kHz. However, under the second set of resonant parameters, the system'’s input
impedance angle 6;, is likewise extremely sensitive to frequency offsets around 85 kHz.
Specifically, when the system’s operating frequency f is slightly below 85 kHz, 0;,, exhibits
a monotonic upward trend and rapidly approaches 90°, thereby leading to an increase in
reactive power loss. Conversely, when f is slightly above 85 kHz, 6;, displays a monotonic
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downward trend and rapidly approaches —90°, causing hard-switching operation of the
HFI and increasing switching losses.

As shown in Figure 8a,b,e,f, under CC-mode operation, the system characteristics
exhibit distinct variations with respect to resonant parameter changes for the two resonant
capacitor configurations; however, the parameter sensitivity remains comparable in both
cases, rendering it unsuitable for differentiation.

Under CV-mode operation, from Figure 8c,d, it can be observed that, under the first
resonant parameter set, C;; and Cg have a certain influence on the input phase angle,
whereas the output voltage exhibits relatively high sensitivity only to variations in Cg;. As
can be seen from Figure 8g,h, under the second resonant parameter set, the input phase
angle exhibits high sensitivity to variations in C; 5, Cy 5, Cs 2, C3 »; in contrast, Cs » and
C3_p exert significant influence on the output voltage. As a result, under the CV mode, the
system robustness with the first set of resonant parameters is significantly higher than that
with the second set of resonant parameters.

From the comparative analysis of the system frequency characteristics and parameter
sensitivity under the two sets of resonant parameters described above, it can be concluded
that compared with the second set, the system under the first set of resonant parameters
provides higher design tolerance and operational stability. Therefore, the first set of resonant
parameters is ultimately selected in this paper for constructing the experimental platform
and carrying out experimental verification. The specific parameter design process is shown

Specify preset system-level parameters: Udc,
fce, fov, Ly, Ls, Ly, Lo, L, Mpr, Uo, and Lo.

in Figure 9.

Determine resonant conditions for CC/CV
output and ZPA operation as per (16), (18),
(21), (31) and (33).

Calculate the values of Mrs, Lp1, C1, Ca, Lp, and
Cp sequentially as per (36)-(41).

1

Calculate two sets of capacitance values of Cr,
(2, Cs, and Csas per (42) and (43).

i

Determine the optimal solutions for Cr, Cz, Cs,
and Cs based on the frequency response
curve and parameter sensitivity analysis.

End

Figure 9. Parameter design flowchart of the proposed compensation topology.

Given that the system objective is to achieve CC/CV hybrid charging, a concise
frequency switching control strategy is adopted. Its control logic and specific process are
shown in Figures 10 and 11, respectively.

CcC
Controller .
fos .
PWM [—>U,,
Generator
UgsB
(A% ﬁ v —> U, gs4
Controller

Figure 10. Logic diagram of the dual-frequency WPT system controller.
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WPT System
Begin

>  Sensing Uy wnand I, sen

CC charging mode
(fcc=200kHz ) Yes

CV charging mode
No (fcv=85kHz )

L en=1o im?

‘WPT System
End

Figure 11. Control flowchart of the dual-frequency WPT system.

As shown in the controller flowchart of the WPT system in Figure 10, when the
sampled DC current satisfies Iy sen < I, 1im and Io_sen > Io_set, the CC mode switch is set to
Sce = 1 and the CV mode switch to S¢y = 0 to execute the CC controller. The system then
outputs four complementary PWM signals at f.. = 200 kHz to enter CC mode. When the
sampled DC voltage satisfies Uy _sen < Uy, fim and Uy sen > Uop_set, the CC mode switch is
set to S¢c = 0 and the CV mode switch to Scy = 1 to execute the CV controller. The system
then outputs four complementary PWM signals at f., = 85 kHz to enter CV mode.

As shown in the WPT system control flowchart in Figure 11, if the sampled DC
voltage satisfies U, sen < U _set, the system operates in CC charging mode; when the
sampled DC voltage reaches Uy sen > Uo set, the system operates in CV charging mode.
Additionally, if the sampled voltage U, sen Or current I, st exceeds the preset limit
Uy im OF Iy jim, or if Io_sen falls below the preset lower current limit I, ger, the WPT
system stops charging.

4. Experimental Verification

Guided by the system configurations listed in Tables 2 and 3, a 400 W experimental
setup was implemented to demonstrate the practical viability of the presented scheme. A
photograph of this platform is provided in Figure 12.

1.Deskbook S.L, 9.C, 13.L, 17.C

2.DC Power supply 6.L, 10.L, 14.C, 18.C;
3.HFI 7.Ls 11.G, 15.C, 19.SBR
4.DSP Controller ~ 8.L,, 12.C, 16.L; 20.Ry,

Figure 12. Schematic diagram of the experimental equipment.
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In Figure 12, the system employs four C3M0030090K SiC MOSFETs to construct the
HFI and four DSA30I100PA Schottky diodes to build the SBR. A TMS320F28335 digital
signal processor (DSP) is utilized to implement the overall system control functions.
The DC input voltage of the system is set to 200 V, while the DC output current in CC
mode and output voltage in CV mode are set to 5 A and 80 V, respectively. Based on the
previous analysis, the two resonant frequencies of the system should theoretically be
set to foc = 200 kHz and f., = 85 kHz, respectively. However, considering that the HFI
should operate under ZVS soft-switching conditions during actual system operation to
reduce switching losses as shown in Figure 7e, under the first set of resonant parameters,
slightly reducing f. and f ., allows the system input impedance angle to exhibit a slightly
inductive characteristic in both CC and CV modes. This guarantees ZVS operation of the
HFI across the entire load range. The actual operating frequencies in CC and CV modes
are set to 199.3 kHz and 84.7 kHz, respectively. After constructing the experimental
prototype, an LCR meter was used to measure the resonant parameters of the coupled
coils and the compensation network. The maximum deviation between the measured
parameters and the design values was within 3%. The practical system parameters are
listed in Table 4.

Table 4. Practical parameters of the WPT system.

Symbols Parameters Values
fcc Resonant frequencyl (for CC mode) 199.3 kHz
fov Resonant frequency?2 (for CV mode) 84.7 kHz

Ly Transmitting coil inductance 90.4 uH
Ly Repeating coil inductance 316.7 uH
Ls Receiving coil inductance 206.8 uH
Mpr Transmitting and repeating mutual inductance 64.1 uH
My Repeating and receiving mutual inductance 26.3 uH
Ly Parallel compensation inductance of DFCNa 98.7 uH
Ly Parallel compensation inductance of DFCNDb 101.2 uH
L3 Parallel compensation inductance of DFCNc 99.1 uH
Ly Transmitting compensation inductance 64.7 uH
Cy Transmitting parallel compensation capacitance 35.6 nF
Ca Transmitting series compensation capacitance 14.7 nF
(@ Transmitting series compensation capacitance 224 nF
Cr Repeating series compensation capacitance 7.8 nF
6} Repeating parallel compensation capacitance 9.1nF
Cs Receiving series compensation capacitance 10.2nF
Cs Receiving parallel compensation capacitance 10.8 nF

For the purpose of assessing the load-independent CC/CV characteristics alongside
the ZPA operation, specific experimental tests incorporating load variations were imple-
mented. A DC electronic load was employed in the experiment to simulate the dynamic
resistance variation at the battery terminal during the entire CC/CV charging process, with
the load resistance adjustment range specified from 4 () to 28 (). Figure 13 illustrates the
experimental waveforms in CC charging mode. As shown in Figure 13a, as the load resis-
tance increases step by step from 4 () to 16 (2, the output current I, decreases slightly from
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4.98 A t04.92 A, which agrees well with the theoretical design value of 5 A. Furthermore,
the maximum output current ripple ratio in this mode is only 1.2%. Meanwhile, combined
with the zoomed-in transient waveforms of the CC mode shown in Figure 13b,c, it can be
observed that the system achieves ZPA operation under both light-load and heavy-load
conditions. Figure 14 shows the experimental waveforms in CV charging mode.
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Figure 13. Experimental waveforms of the system in CC mode (@ alignment condition: AX = 0 mm,
AZ =0 mm): (a) transient waveform when Ry, varies from 4 Q) to 16 (); (b) enlarged waveform when
Ry, =4 O; (c) enlarged waveform when Ry, = 16 Q).

As depicted in Figure 14a, when the load resistance increases step by step from 16 ()
to 28 (), the output voltage U, increases slightly from 79.1 V to 80.3 V, which is consistent
with the theoretical design value of 80 V. The maximum output voltage ripple ratio in
this mode is 1.5%. Additionally, as can be seen from the zoomed-in CV mode waveforms
shown in Figure 14b,c, the system also achieves ZPA operation under both light-load
and heavy-load conditions. Comprehensive analysis of the experimental results in
Figures 13 and 14 indicates that due to factors such as deviations in actual resonant
parameters and equivalent series resistance (ESR) of the circuit, slight deviations exist
between the actual DC output current and voltage values and their theoretical design
values; however, these deviations remain well within the acceptable error margin. In
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addition, the charging current I, in CC mode and the charging voltage U, in CV mode
both remain approximately constant, and stable system operation at the ZPA state is
guaranteed in both charging modes. The above experimental results fully verify that
the proposed dual-frequency switchable WPT system possesses both load-independent
CC/CV output capability and ZPA operating capability.
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Figure 14. Experimental waveforms of the system in CV mode (@ alignment condition: AX = 0 mm,
AZ =0 mm): (a) transient waveform when Ry, varies from 16 Q) to 28 ); (b) enlarged waveform when
Ry =16 O); (c) enlarged waveform when Ry, =28 Q).

To further verify the dynamic switching performance of the designed system from CC
mode to CV mode, dynamic CC/CV mode transition experiments were conducted, with
the resulting waveform variations shown in Figure 15. During the system load-carrying
operation stage, considering that mode transitions are prone to problems such as large
current and voltage spikes and system oscillation, a targeted soft-switching charging mode
transition method is designed in this paper to solve these issues. The specific operation
procedure is as follows: shortly before the mode transition point arrives, the four PWM
drive signals of the HFI are first turned off to cut off the power transmission channel. After
the controller switches the system operating frequency from the CC mode frequency to
the CV mode frequency, the PWM drive signals are re-enabled. Although this operation
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Mpr (W)

70

causes a brief interruption in charging, its impact is negligible compared to the entire
charging cycle. As can be seen from the waveform data in Figure 15, throughout the entire
mode transition process, the output I, and U, remain nearly constant without obvious
amplitude jumps. Meanwhile, during the transition, neither power signal spikes nor system
oscillations occur, indicating that the designed frequency switching control strategy ensures
a smooth transition between the CC and CV charging modes.

4 Uap(100V/div) 1,p(2A/div) g meome coen|

400 ms

'

1,(5A7div) i

a

Figure 15. Waveforms of the transition from CC mode to CV mode.

In addition, to validate the operating characteristics of the proposed dual-frequency
WPT system under misalignment conditions, the self- and mutual inductances of
the coupler are measured and recorded across a range of horizontal and vertical

displacements—up to 60 mm horizontally and 15 mm vertically. The results are presented
in Figure 16.
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Figure 16. Variation in mutual inductances and self-inductances due to misalignment of receiving

coupler. (a) Measured mutual inductances (Mpr, Mrs, Mps). (b) Measured self-inductances (Lp,
Ll‘/ LS)'

It should be noted that, in practical charging applications—such as mobile desktop
charging—the transmitting and repeating coils of a three-coil WPT system are typically
integrated into a single power unit, with their relative positions fixed. Therefore, this
study focuses exclusively on the misalignment between the receiving and transmitting
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coils. As shown in Figure 16, all three mutual inductance values of the system decrease
monotonically with increasing horizontal and longitudinal offset distances. Among them,
M, exhibits only a marginal reduction, owing to the relatively fixed spatial positions
of the transmitting and repeating coils. In contrast, Mps—despite its sensitivity to
misalignment—is negligible under detuned conditions, as its initial value under perfect
alignment is inherently small. Among them, since the positions of the transmitting and
repeating coils are relatively fixed, the reduction in My, is very slight. For Mps, due to
its already small initial value under aligned conditions, its impact on the system under
misalignment conditions can be neglected. M;s demonstrates pronounced sensitivity to
variations in the coupler’s relative position, attaining a minimum value of 292.6 uH at
the maximum offset.

Similar to the variation in mutual inductance, the self-inductances L; and Lgs decrease
monotonically with increasing X- and Z-axis offsets. In contrast, the self-inductance L,
exhibits a complex, non-monotonic variation with offset; however, at an X-axis offset of
60 mm, the L, values across all Z-axis offsets converge closely.

The proposed dual-frequency WPT system exhibits relatively significant changes in
both the mutual inductance and self-inductance parameters of the coupler under mis-
alignment conditions. These changes may have specific impacts influences on the CC/CV
and ZPA characteristics. Given that the parameters of the system coupler change most
significantly at the offset point where AX = 60 mm and AZ = 15 mm, this point is set as
the worst-case operating point of the system, and dynamic load-step transient tests are
conducted at this point. The test waveforms under CC and CV modes at the worst-case
operating point are presented in Figures 17 and 18, respectively.

As shown in Figure 17a, under the operating condition of fcc = 200 kHz, the output
current I, decreases sharply from 9.72 A to 8.28 A as the load resistance increases stepwise
from 4 () to 16 (), indicating that misalignment significantly affects the CC characteristics of
the proposed system. Moreover, compared with the standard preset value of I,, the initial
value of I, under Ry, = 4 () has increased by 4.72 A. By comparing Figure 17b with Figure 17c,
it can be observed that under light-load conditions, the input phase angle is relatively large
and decreases as the load resistance increases. This indicates that misalignment also has
a certain impact on the ZPA characteristics in CC mode. Nevertheless, as can be seen
from Figure 17d, under the worst-case operating point, the proposed WPT system can still
achieve ZVS operation at the rated power operating point in CC mode.

As shown in Figure 18a, under the operating condition of fcc =85 kHz, the output
voltage U, increases slightly from 67.11 V to 67.84 V as the load resistance increases
stepwise from 4 () to 16 (), indicating that the CV characteristic of the proposed system
is less affected by misalignment. Figure 18b,c show that when the system operates at
the worst-case operating point, the variation trend of the input phase angle in CV mode
is exactly opposite to that in CC mode. Figure 18d shows the local detail waveform of
MOSEFET ZVS operation at R, = 16 () in CV mode under misalignment conditions; the
proposed WPT system can still achieve ZVS operation at the rated power operating point
in CV mode.

Figure 19a illustrates the correlation characteristics between the battery equivalent
resistance Ry and the charging current/voltage. The results indicate that as Ry, increases,
the charging current remains stably maintained at approximately 5 A in CC mode, while
the charging voltage stays stably around 80 V in CV mode. Figure 19b illustrates the DC
efficiency and charging power curves throughout the entire charging process. The results
indicate that the system achieves a peak DC efficiency of 92.75% across the entire operating
range, and the maximum output power occurs at the transition critical point between the
CC and CV modes.
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Figure 17. Experimental waveforms of the system in CC mode (@ misalignment condition:

AX =60 mm, AZ = 15 mm). (a) Transient waveform when Ry varies from 4 Q) to 16 (); (b) en-

larged waveform when Ry, =4 (); (c) enlarged waveform when Ry, = 16 (); (d) local detail waveform
of MOSFET ZVS operation at Ry, = 16 Q).
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Figure 18. Experimental waveforms of the system in CV mode (@ misalignment condition:
AX =60 mm, AZ = 15 mm). (a) Transient waveform when Ry varies from 16 Q) to 28 Q); (b) en-
larged waveform when Ry, = 16 (); (c) enlarged waveform when Ry, = 28 (); (d) local detail waveform
of MOSFET ZVS operation at Ry, = 16 Q.
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Figure 19. Charging performance of dual-frequency WPT system. (a) Measured charge current and
voltage; (b) measured DC efficiency and charge power.

In addition, to clearly present the practical loss distribution of the dual-frequency WPT
system, the system power losses were tested and calculated under light-, medium-, and
heavy-load conditions in both CC and CV charging modes. As depicted in Figure 20, at
the same output power level, although CC and CV modes exhibit comparable total loss
magnitudes, the distinct system parameters and operating characteristics inherent to each
charging mode lead to substantial differences in both the distribution profiles and evolution
trends of individual loss components across the system.
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Figure 20. Loss-breakdown diagrams of dual-frequency WC system. (a) For CC mode; (b) for
CV mode.

A comprehensive performance comparison of the proposed topology against the exist-
ing three-coil topologies is presented in Table 5. In the three-coil WPT systems reported
in [30-34], the conventional compensation topology is reconfigured by incorporating addi-
tional AC switches or relays to achieve CC and CV output characteristics, which leads to
the increase in system cost, loss and control complexity. Not only that, in [31,32], in order
to maintain the ZVS characteristics in CC and CV modes, both the operating frequency and
additional switches are controlled synchronously, which leads to a further rise in control
complexity. The method proposed in this paper addresses the limitations of the existing
approaches listed in Table 5 and achieves certain performance improvements in terms of
efficiency, power density, cost, and control complexity.
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Table 5. Summary and comparison of the existing three-coil topologies.
Reference Number Peak ZVS Operating Output Topology Control Rating
of Relays Efficiency =~ Operation Frequency Property Structure =~ Complexity Power
[30] 1 P Yes Vo cc/ev LCCsS High 3BW
[31] 2 v Yes SomKilr - ccjev sicLs High 200 W
[32] 2 s No AN cC/cV SSLCC Medium  380W
[33] 1 e Yes eeEcc/ev sss Medium 1000 W
[34] 2 o oy No CuoNEcc/cV LCSS  Medium  180W
This article 0 Sy Yes o szccjev Leess Low 400 W

5. Conclusions

A dual-frequency compatible LCC-S-S and S-5-S compensated three-coil topology is
proposed in this paper. Based on the three-coil resonant compensation topology, three
DFCN s are employed to replace the compensation capacitors on the transmitter, repeater,
and receiver sides, respectively, enabling the topology to be compatible with two distinct
resonant frequencies.

Based on the proposed dual-frequency compatible three-coil topology and the char-
acteristic analysis of the DFCN, the resonance conditions for achieving CC/CV output
and ZPA operation of the compensation topology are derived, and a general parameter
tuning method is proposed. System parameter design is then carried out according to the
proposed parameter tuning method.

To address the CC/CV mode switching issue, a soft-switching method for charging
mode transition was designed. By switching the operating frequency at the power critical
point between the CC and CV charging modes, equivalent switching of the resonant
compensation topology between LCC-5-5 and S-5-5S can be achieved, thereby realizing load-
independent CC/CV output and ZPA operation across the full power range. Validation
experiments were conducted based on a configured 400 W experimental prototype. The
experimental results show that the system can achieve stable CC and CV outputs at the two
resonant frequencies, respectively, and the measured values are in high agreement with
the theoretical design values. The measured DC efficiencies in CC and CV charging modes
reached 92.15% and 92.75%, respectively.
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