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Extended Hybrid Modulation for Multistage
Constant-Current Wireless EV Charging

Gangwei Zhu
Zichen Deng

Yongpeng Li

and Pavol Bauer

Abstract—This article presents an extended hybrid modulation
(EHM) technique to achieve multistage constant-current (MSCC)
charging of electric vehicles using wireless power transfer (WPT)
technology. Although most research focuses on constant-current
constant-voltage charging, MSCC charging offers key advan-
tages, such as lower temperature rise, decreased charging time,
and prolonged battery lifespan. However, the existing phase-shift-
modulation (PSM) method encounters substantial circulating re-
active power and significant efficiency drops in MSCC charging.
To overcome this, an EHM strategy is proposed to expand the
modulation range of PSM. By applying EHM to both the inverter
and active rectifier, the proposed method provides up to 16 op-
erating modes to facilitate multiple CC outputs. Furthermore,
an optimal mode trajectory, specifically designed for the MSCC
charging, is developed. By implementing this trajectory across
different charging stages, zero-voltage-switching is achieved for
all power switches, and the overall power loss of the system is
minimized. Finally, a WPT prototype was developed to validate
the proposed approach. Experimental results demonstrate that
the proposed approach effectively enables the MSCC charging
while notably enhancing transmission efficiency, achieving dc-to-dc
efficiencies between 92.45% and 95.67 % across a power range of
231 to 3.015 kW.

Index Terms—Extended hybrid modulation (EHM), multistage
constant-current (MSCC) charging, wireless power transfer
(WPT).

1. INTRODUCTION

HE electric vehicle (EV) market has seen significant ex-
T pansion, highlighting the urgent need for advanced EV
charging infrastructures. Currently, EVs primarily employ con-
ductive charging technology, which demands drivers to han-
dle and connect charging cables manually. To streamline the
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Fig. 1. Typical architecture of wireless EV charging systems.

intricacy of connecting bulky cables, wireless power transfer
(WPT) technology emerges as a more user-friendly alternative,
delivering weather-proof, hands-free, and autonomous charging
solutions for EVs [1].

Fig. 1 illustrates the typical architecture of wireless EV charg-
ing systems, where batteries function as the load. To achieve
complete battery charging, the constant-current and constant-
voltage (CC-CV) charging solution is commonly adopted. Nev-
ertheless, achieving simultaneous load-independent CC and CV
outputs in wireless EV chargers remains challenging and often
necessitates complex solutions. One approach investigated in-
volves using two distinct switching frequencies to enable CC
and CV outputs [2], [3], [4]. However, these methods are not
preferred in industrial standards, such as SAEJ 2954 [5], due
to the broad frequency tuning range required. Alternatively, hy-
brid compensation topologies have been extensively studied to
achieve both CC and CV outputs [6], [7], [8]. Nonetheless, these
topologies necessitate extra reconfigurable passive components
and relays for topology reconstruction, which notably increases
system complexity and reduces power density. In addition to
the challenges of achieving simultaneous CC and CV outputs,
another disadvantage of CC-CV charging lies in its potential
adverse impact on battery lifespan due to continuous structural
stress [9]. As an alternative, the multistage constant-current
(MSCC) charging strategy offers some key advantages. Com-
pared to the CC-CV profile, the MSCC strategy requires only
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Fig. 2. Typical seven-stage MSCC charging profile for EV batteries [13].

several CC outputs, thereby reducing the complexity of achiev-
ing the targeted charging profile [10], [ 11]. More importantly, the
MSCC charging contributes to lower temperature rise, reduced
charging time, and extended battery lifespan [12]. Fig. 2 demon-
strates a typical seven-stage MSCC charging profile for EV bat-
teries [13]. As illustrated in Fig. 2, the MSCC approach involves
varying magnitudes of charging currents across multiple stages.
The transition criteria between different stages depends on the
battery-end voltage V,,. Initially, for deeply discharged batteries,
atrickle charging stage is required (denoted as stage-1 in Fig. 2).
During this stage, a trickle charging current /,, ¢, is applied until
V, reaches the trickle voltage boundary V,, 1. Typically, I, ¢,k
is set to a notably low value (approximately 0.05-0.2 times the
rated charging current I, y4teq [14]) to precharge the battery
and extend its lifespan. Following the trickle charging stage, the
charging process transitions through multiple stages (stage-2 to
stage-7). In these stages, the process proceeds to the next stage
once the battery voltage reaches the voltage boundary V,, iiy,.
In wireless EV charging, the equivalent battery load exhibits
substantial variations. Therefore, to attain the desired charging
profile, it is essential for the system to accommodate a wide load
range. Existing research on wireless EV charging primarily fo-
cuses on the CC-CV charging profile. One approach to achieving
wide output capability involves incorporating additional dc—dc
converters [15], [16], as shown in Fig. 1. However, these extra
power conversion stages result in additional power losses and
components. To obviate the requirement for dc—dc converters,
an alternative approach is to implement phase shift modulation
(PSM) for the inverter and active rectifier [17], [18], [19].
Nonetheless, the PSM method poses challenges in achieving
zero-voltage-switching (ZVS) under varying load conditions.
In [20], a triple-phase-shift control strategy was proposed to
facilitate wide-range ZVS. This approach introduces the phase
difference between the inverter and the active rectifier as a new
control variable for implementing ZVS. However, it leads to
substantial reactive power at light-load conditions. To address
this issue, a hybrid modulation (HM) approach was proposed,
incorporating both full-bridge (FB) and half-bridge (HB) modes
to facilitate ZVS under load variations [21], [22], [23]. Neverthe-
less, during the trickle charging stage of EV batteries, where the
charging current is exceptionally low, this HM fails to minimize
reactive power due to the limited tuning range of the HB mode.
In addition, researchers have investigated alternative control
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variables to facilitate ZVS and achieve a wide operating range.
These alternatives include varying the system operating fre-
quency [24], [25], and the implementation of switch-controlled
capacitors (SCCs) [26], [27]. Although these methods can effec-
tively support wide output regulation and ZVS, they have notable
drawbacks. Specifically, frequency adjustments are prone to
bifurcation phenomena [28], which can cause significant system
detuning, while the SCC technique necessitates extra power
switches, consequently increasing both system complexity and
cost.

On the other hand, recognizing the advantages of MSCC
charging, some researchers have begun exploring its appli-
cation in wireless charging. In [13], a multiharmonic power
transmission technique was proposed to enable various CC
outputs. However, this method only considers primary inverter
control, resulting in constrained regulation capability compared
to dual-side control. Moreover, it fails to achieve precise out-
put current tracking. In [14], a reconfigurable rectifier was
introduced to enable multiple constant current (CC) outputs,
but this approach requires a significantly higher number of
power switches and components. In [29], an optimal bivari-
ate control strategy was proposed, incorporating a variable
inductor and a secondary semiactive rectifier to achieve both
ZVS and multiple CC outputs. Nonetheless, this method in-
creases hardware complexity due to the additional variable
inductor.

Based on the above-mentioned discussion, existing research
on wireless MSCC charging is limited and reveals several
limitations. To address these challenges, this article proposes
an extended hybrid modulation-based dual-side control (EHM-
DSC) approach for wireless MSCC charging of EVs. The main
contributions of the proposed approach are summarized as
follows.

1) The proposed approach achieves MSCC charging without
the need for additional dc—dc converters or extra hardware
circuits.

2) An EHM technique is introduced to expand the modu-
lation tuning range of PSM. Furthermore, by applying
EHM to both the inverter and active rectifier, the proposed
method significantly improves the system’s output regula-
tion capability, facilitating the generation of multiple CC
outputs for MSCC charging.

3) A unified ZVS model and a comprehensive power loss
analysis methodology are developed for the proposed
approach.

4) An optimal mode determination method, specifically de-
signed for the MSCC charging profile, is developed. By
implementing the optimal mode trajectory, ZVS for all
power switches is achieved, and the overall power loss of
the system is minimized.

The rest of this article is organized as follows. Sec-
tion II illustrates the basic characteristics of WPT systems
for MSCC charging. Furthermore, Section III elaborates on
the proposed EHM-DSC method, while Section IV presents
the experimental results. Finally, Section V concludes this
article.
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Fig. 3.  Circuit topology of the SS-compensated WPT system.

Fig. 4. (a) Ac equivalent circuit model, and (b) phasor diagram of the system
based on the FHA approach.

II. WPT SYSTEM FOR MSCC CHARGING
A. System Configurations

Fig. 3 illustrates the circuit topology of a typical WPT system
featuring a series—series (SS) compensation network. This sys-
tem configuration comprises a primary-side FB inverter, an SS-
compensated resonant tank, a secondary-side FB active rectifier,
and a dc output filter capacitor (Cf,). Within the SS-compensated
resonant tank, Lp and Lg represent the self-inductances of
the primary and secondary coils, while Cp and Cg are their
compensation capacitors; M represents the mutual inductance
between the primary and secondary coils. Moreover, in this
system, the inverter output voltage and the rectifier input voltage
are denoted by u,; and u.g4, while the primary and secondary
coil currents are expressed as 7 p and 7 g. In addition, the dc input
voltage, the dc output voltage, and the dc output current of the
system are indicated by V;, V,,, and I, respectively.

Owing to the bandpass filtering characteristic of the SS-
compensated resonant tank, the ac equivalent circuit model of
the system can be established using the fundamental harmonic
analysis (FHA) method, as illustrated in Fig. 4(a). Moreover,
applying Kirchhoff’s voltage law (KVL), the basic circuit equa-
tions of the system are derived as follows:

Uab =

Ucd
where Uab, Ucd, I p, and fg represent the phasor forms of
the fundamental components in uqp, Ued, tp, and ig, respec-
tively; w denotes the switching frequency. Moreover, to address

significant self-inductances of the loosely coupled coils, the
compensation capacitors are designed as

(jwLp + ﬁ)fp — jwMIg

, L 1
—(jwLs + 5567 )1s + jwMlIp M

Cp:1/(wLp),CS:1/(st). (2)
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Fig. 5. Typical operating waveforms of the conventional PSM technique.
Substituting (2) into (1) yields
Uab ~ _jWMISvad r"tjjwMIp. (3)

Based on (3), the phasor diagram of the system is illustrated
in Fig. 4(b). Moreover, according to [20], the output power and
the circulating reactive power of the system are formulated as

|Uap||Ueqlsin(8)

Pow = Re{U4l%} = Y )
_— |Uas||Uealcos(3)
Quir = Im{Ueal3} = ——=—F——. Q)

Substituting (4) into (5) obtains
|Qcir| = Pout/tan<5)~ (6)

As indicated by (6), the circulating reactive power within the
system is inversely related to the phase difference angle §. In
other words, for a constant output power, a larger value of ¢§
corresponds to a lower reactive power.

B. Output Analysis and ZVS Implementation

To achieve the MSCC charging profile, it is imperative for the
system to generate varying magnitudes of dc output current (1)
across different charging stages. Given that the input voltage of
the system (V;) remains fixed, the PSM method can be employed
to produce these varying output current magnitudes. Fig. 5
illustrates typical operating waveforms using the conventional
PSM technique. Herein, the duty cycle of u,; and w4 is denoted
by D, while the phase difference angle between u,;, and u.q
is represented by 6. According to the operating waveforms in
Fig. 5, the phasor expressions of Uab and Ucd are given by

{Uab = GUiim,VviSiH(%)Zo

Ued = Gu_recVosin(BE) L5 )

where Gy iny and Gy e Tepresent the dc to ac voltage gains
of the inverter and rectifier at the full duty cycle (D = 1).
Furthermore, by synthesizing (1), (2), and (7), the dc output
current of the system is derived as

_ Gu_invGU_recsin® (D /2)sin(6)V;
- wM '

For the conventional PSM method, both the inverter and rectifier
operate in the FB mode, where Gy iy and Gy ;o remain

I, ®)
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fixed (Gu iny FB = GU _rec_FB = 2v/2/). Within this config-
uration, the dc output current I, is regulated by tuning the duty
cycle D.

Moreover, to implement ZV S for the inverter and rectifier, the
following relationship should be satisfied [23]:

§=Dr/2—6p 9

where ¢, is the margin angle that ensures sufficient ZVS current
for charging or discharging the equivalent output capacitance
(Closs) of the power switches.

C. Problems in MSCC Charging

As demonstrated by (8) and (9), achieving varying magni-
tudes of dc output current while implementing ZVS necessitates
simultaneous adjustment of the duty cycle D and the phase angle
6. Nevertheless, at low charging currents, both D and ¢ should
be reduced significantly to accommodate the required output.
This reduction in D and § leads to considerable reactive power
in the resonant tank, which raises rms currents and decreases the
transfer efficiency. Although the introduction of the HB mode
(Gvu_inv_ 1B = GU rec_HB = V2 /) can effectively reduce re-
active power at lower current levels, the tuning range of this
mode is still limited. During the trickle charging stage in MSCC
applications, where the target charging current is notably low
(e.g., 0.1 I, 1ated), significant reactive power persists even with
the HB mode.

III. EHM-BASED DUAL-SIDE CONTROL

As indicated by (8), if Gy _inv and Gy o can be adjusted
in a broad range to accommodate the required output current
(I5_set), the reductions in D and § can be minimized. This,
in turn, contributes to decreased reactive power and improved
efficiency. Therefore, this article introduces an EHM technique
to broaden the tuning range of Gy iny and Gy roc. Based on
the EHM technique, a dual-side control strategy, namely the
EHM-DSC method, is further proposed. The following section
elaborates on the proposed EHM technique and its associated
control strategy.

A. Proposed EHM Technique

Fig. 6(a) demonstrates typical operating waveforms of the
existing modes. As it can be observed from Fig. 6(a), when
considering one switching cycle (7), there are four distinct
operating modes: the FB mode, the HB mode, the reversed-
half-bridge (RHB) mode, and the zero-voltage (ZV) mode. By
distributing the above-mentioned modes in multiple switching
cycles, hybrid modes with varying voltage gains (G iy and
Gu _rec) can be achieved. Fig. 6(b) further illustrates typical
operating waveforms of the proposed hybrid modes, namely the
HFR and HRZ modes. Specifically, the HFR mode distributes
the HB, FB, and RHB modes evenly across three switching
cycles, whereas the HRZ mode allocates the HB, RHB, and ZV
modes. Moreover, the proposed HFR and HRZ modes exhibit
the following characteristics.
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Fig. 6. Typical operating waveforms of (a) the existing modes considering

one switching cycle (1), and (b) the proposed hybrid modes considering three
switching cycles (37). Notably, in the proposed EHM-DSC method, both the
inverter and rectifier can operate in the specified HFR and HRZ modes.

1) Minimized subharmonics: As previously described, hybrid
modes can be achieved by distributing FB, HB, RHB, and ZV
modes across multiple switching cycles. Here, the number of
selected switching cycles is denoted as N. Increasing IV results
in a greater variety of hybrid modes with a broader range of
GU _inv and Gy _yec. However, a larger N also introduces more
subharmonics into the ac voltages (u,, and u.q), which in
turn leads to increased distortion in the coil currents (zp and
tg). Therefore, in the proposed HFR and HRZ modes, N is
configured as 3 to obtain a satisfactory range of voltage gains
while minimizing subharmonics. More importantly, within the
proposed hybrid modes, voltage pulses are evenly and symmet-
rically distributed to eliminate even-subharmonics in u,;, and
Ucq, thereby further decreasing subharmonics in these voltages.

According to the operating waveforms demonstrated in
Fig. 6(b), the time-domain expressions for . (t) and wu.q(t)
under the proposed hybrid modes can be derived utilizing the
Fourier series expansion

Uap(t) = Z Uabn(t) = Apsin(nwt + a,,)  (10)
n:%,l,%7...

Ued(t) = Y tapn(t) = Bpsin(nwt + 8,). (1)
n:%,l,%,.

Herein, A,, and «,, denote the amplitude and phase of subhar-
monics at the frequencies of nw in uq, (n =1/3,1,5/3,...),
while B,, and f3,, represent these parameters in u.q. As evident
from (10) and (11), the implementation of symmetrical pulse
distributions eliminates even-subharmonics (subharmonics at
the frequencies of 2w/3,4w/3,...) in ug, and u.q, allowing
only odd-subharmonics (subharmonics at the frequencies of
w/3,5w/3,...) in these voltages.

2) Extended range of voltage gains: Fig. 7(a) demonstrates
analytical operating waveforms for the proposed HRZ mode.
As shown in Fig. 7(a), the HRZ mode can be regarded as a
special case of the FB mode, with the switching cycle at 37.
Therefore, when the inverter and rectifier operate in the HRZ
mode, the time-domain expressions of wp, , (t) and wueq ,, (t) are
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derived as
4V, . (3nm\ . [(nDrm) .
Uab,n(t) = 5-—sin <2) sin <2) sin[n(wt + )]
(12)
4V, . (3nm\ . (nD7\ .
Ued,n(t) = sl <2> sm<2> sin[n(wt + 7+ 4)].
(13)

Moreover, substitutingn = 1into (12) and (13), the fundamental
components within w,,(¢) and .4 (t) under the HRZ mode are
formulated as

Uap 1 (t) = Vi sin <D7r> sin(wt) (14)
’ 3T 2
Ueq,1 (1) = ‘;Va sin(?)sin(wt—i—é). (15)
71'

As indicated by (14) and (15), the corresponding voltage gains
for the inverter and rectifier under the HRZ mode are
GU_inv_ HRZ = GU _rec_HRZ = % X %
™
Regarding the HFR mode, as illustrated in Fig. 7(b), the voltage
waveforms can be considered as the superposition of two HRZ
modes, with one mode shifted by 27 relative to the other. Hence,
when the inverter and rectifier work in the HFR mode, the time-
domain expressions of wap ,, (t) and uq ., (t) are

4V, . (3nm\ . (nDm .
u“b’"(t)zgmrsm - sin 5 {sin[n(wt + )

(16)

+sinfn(wt — )]} a7)
Uedn(t) = ng sin(?);m> sin ("g”) {sin[n(wt + 7 + 0)]
+ sin[n(wt — 7 + 9)]}. (18)

Furthermore, substituting n = 1 into (17) and (18), the funda-
mental components within . (t) and wu.q(t) under the HFR
mode are derived as

8Vi . (Dm .
Ugp,1(t) = 3 sm(2)sm(wt) (19)
o . (DT .
Ued,1(t) = 8V sin <W> sin(wt + 9). (20)
' 3T 2
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TABLE I
MODE GAINS OF DIFFERENT OPERATING MODES
Operating mode FB HFR HB HRZ
Mode gains of the inverter and | 2 1 1
rectifier (Gv_inv and Gaf_rec) 3 2 3

Consequently, the corresponding voltage gains for the inverter
and rectifier under the HFR mode are given by

2 22

GU_inv HFR = GU _rec HFR = 3 X

As indicated by (16) and (21), the HRZ and HFR modes
provide lower dc to ac voltage gains compared to the FB mode.
The decreased voltage gains facilitate the implementation of
lower charging currents in MSCC charging. Specifically, when
the charging current falls below the rated level, the inverter and
rectifier can transition from the FB mode to the HFR and HRZ
modes, allowing for reduced output current without significantly
decreasing the duty cycle of the inverter and rectifier.

2n

B. Dual-Side Control Based on EHM

To effectively accommodate the varying magnitudes of dc
output current, the proposed EHM-DSC method allows the
inverter and rectifier to operate in four distinct modes: the FB,
HFR, HB, and HRZ modes. For analytical convenience, the
mode gains for the inverter (Gas iny) and rectifier (Gas oc) are
defined as follows:

G(U_inv Iel o GU_rec
2\/§/ﬂ', M _rec 2\/5/7_(_-

Table I presents the mode gains for the inverter (Gy/ iny) and
rectifier (G s _roc) across various operating modes. Furthermore,
substituting (22) into (8) yields the expression for the dc output
current under the proposed EHM-DSC method

G]M_inv = (22)

8sin?( D7 /2)sin(8)V;
I, = 2wM X GMfsys (23)
where
GM_Sys = GJM_invGM_rec- (24)

Herein, G ys_gys is defined as the overall mode gain of the system.
As demonstrated by (23) and (24), through transitioning the in-
verter and rectifier modes, G ys_gsys can be adjusted accordingly.
Furthermore, by implementing strategic mode transitions across
different MSCC stages, the regulation of the dc output current
can be achieved.

Fig. 8 illustrates feasible operating modes of the system
and their corresponding mode gains under the proposed EHM-
DSC method. As indicated by Fig. 8, the proposed EHM-DSC
method demonstrates two advantages compared with the ex-
isting FB-DSC and HM-DSC methods. First, the EHM-DSC
method achieves a reduced minimum mode gain for the system.
Specifically, the minimum system mode gain (G as_sys_min) for
the FB-DSC method is 1, while for the HM-DSC method, it
is 1/4. In contrast, the EHM-DSC method reduces G'as_sys_min
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Fig. 8. Feasible operating modes of the system and their corresponding mode
gains under the proposed EHM-DSC method. Herein, G ps_sys_min denotes
the minimum mode gain of the system. Moreover, the FB-DSC and HM-DSC
methods refer to the dual-side control methods based on the FB mode [19], [20]
and the existing HM techniques [22], [23].

to 1/9, offering a notable advantage during the trickle charging
stage. Second, the EHM-DSC method provides a broader range
of mode gains. By incorporating the HRZ and HFR modes,
the EHM-DSC method supports up to 16 distinct operating
modes for the system. This capability is especially advantageous
for MSCC charging. Through transitioning between different
modes, the dc output current can be regulated to various mag-
nitudes without significantly adjusting the duty cycle D and
the phase angle §. This feature contributes to decreased reac-
tive power across various MSCC stages, thereby enhancing the
system’s overall transmission efficiency.

C. Unified ZVS Model Considering Subharmonics

To investigate the optimal ZVS conditions for the proposed
EHM-DSC approach, a unified ZVS model is developed to en-
compass all operating modes. In addition, subharmonics within
the coil currents (7 p and 75) are considered to derive the optimal
ZVS conditions. Notably, due to the complexity of calculating
multiple subharmonics, obtaining an explicit expression for the
optimal ZVS conditions is difficult. However, this derivation
process can be systematically achieved with a step-by-step pro-
cedure. The process for deriving the optimal ZVS conditions is
detailed as follows.

1) Identify the control variables: The proposed EHM-DSC
method defines four distinct control variables: the inverter
mode, the rectifier mode, the duty cycle D, and the phase
angle 4. Both the inverter and rectifier can operate at four
modes: the HRZ, HB, HFR, and FB modes. In addition,
the duty cycle D is constrained to [0, 1], while the phase
angle ¢ is limited within [0°, 90°].

2) Derive the Fourier expansions of uap(t) and ucq(t): Ac-
cording to the inverter and rectifier modes, along with the
duty cycle D and phase angle ¢, the Fourier expansions of
Uap(t) and u.q(t) can be derived. Notably, the Fourier
expansions of wuq,(t) and w.q(t) for the FB and HB
modes have been reported in [26] and [30], while those
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tro tri

Fig. 9. Operating waveforms of u,; and 7 p when the inverter operates in the
FB, HFR, HB, and HRZ modes. Herein, it is demonstrated that the coil current
i p lags the inverter output voltage u, for achieving the inverter ZVS.

for the proposed HRZ and HFR modes are presented in
Section III-A.

3) Derive the time-domain expressions of ip(t) and ig(t):
Based on the Fourier expansions of w,,(t) and u.q(t), the
time-domain expressions of ¢ p(t) and i (¢) can be calcu-
lated. Specifically, applying KVL to the circuit topology
depicted in Fig. 3, the phasor-domain expressions of I Pn
and I 5,n are derived as

jP,n
IS,n

2
— it | o

TL2 — 1)LS Uab,n
(’I’L2 - 1)LS:| |:Ucd,n:| (25)

nM

where
n
wLpLg|(k? —1)n* +2n2 — 1]’

H, =

Furthermore, considering subharmonic components, the
time-domain expressions for i p(t) and ig(¢) are given by

ip()= > ipa(t)is(t)= > isa(t).
n=4%21 n=2%121
3230700 30300 (26)

4) Calculate the instantaneous values of ip(t) and is(t) at
the switching moments: According to the time domain
expressions of i p(¢) and i (), the instantaneous values of
ip(t) and ig(t) at the switching moments can be obtained.
To define the switching moments for the inverter, Fig. 9
demonstrates the operating waveforms of u,;, and i p when
the inverter operates in the FB, HFR, HB, and HRZ modes.
Notably, given that the maximum control cycle in the
proposed hybrid modes is three switching cycles, it is
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TABLE II
SPECIFICATIONS OF THE WPT SYSTEM

Symbol Parameters Value Unit
Lp Primary coil inductance 335.8 pH
Lgs Secondary coil inductance 220.0 nH
M Mutual inductance 77.8 pH
Cp Primary series capacitance 10.6 nF
Cs Secondary series capacitance 16.1 nF
fs Resonant switching frequency 85 kHz
Vi Dc input voltage 400 v
Vo Dc output voltage 320-420 V

Py, rated Rated output power 3.0 kW

5)

sufficient to consider only three switching cycles for the
ZVS analysis. As shown in Fig. 9, to determine the ZVS
conditions for the inverter, the instantaneous values of
ip(t) at the switching moments tpg,tp1,tpa,...,tp11
should be investigated. Specifically, define the switching
moment of ¢ pg as

(1-D)yr T,
T2 S
As illustrated in Fig. 9, once ¢ pg is defined, the switching
moments tpy,tpo,...,tp11 can be identified according
to their phase relationships.

Moreover, the ZVS analysis for the rectifier is similar to
that for the inverter. The primary difference is the presence
of a phase difference angle ¢ between u,;, and u.4. Taking
this phase difference into account, the switching moment
tso is indicated by

tpy = 27

tso =tpo — 0 X —>. (28)

2w
Based on (28), the switching moments of tgi,%s2,
., ts11 can be determined as well.

Finally, substituting the switching moments ¢p; and tg;
(t=1,2...,11; j=1,2,..11) into (26), the instanta-
neous values of i p(t) and ig(t) at the switching moments
can be obtained.

Identify the optimal ZVS conditions: To ensure ZVS for all
power switches, the unified ZVS condition is formulated
as follows:

I7vs_min = Izvs_th (29)
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0.5
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Fig. 10. Minimum ZVS current Izys min under various combinations of D
and § when both the inverter and rectifier operate in the HRZ mode. Herein, the
threshold ZVS current Izys ¢y, is set as 2.0 A, while the required output current
I set is configured as 0.1 I, yated-

colorful surface is above the red plane, the ZVS condition
described by (29) is satisfied. Moreover, the intersection
line between the colorful surface and the red plane repre-
sents the optimal ZVS conditions, where the inverter and
rectifier ZVS are achieved with minimal reactive power.

D. Overall Power Loss Analysis

The power losses of the system mainly encompass those
incurred by the inverter, the resonant circuits, and the rectifier.

Specifically, the power losses of the inverter primarily arise
from the conduction and switching losses of the MOSFETs. The
conduction losses of the inverter are expressed as

anfcon = 2R0n1123 (30)

where R, is the conduction resistance of the MOSFETs. More-
over, the switching losses of the inverter are established as
follows [22]:

1nv SW Z|2P tPl |V <V Ir

where o represents the turn-OFF energy losses of the MOSFET;
Vg and I, denote the reference drain-source voltage and source
current of the MOSFET; Q) rr and Igp are the reverse recovery

QRR) fs (31)

Inp ) 3

where Iz7ys min = min{min;{|ip(tp;)|}, min;{|is(ts;)|}} charge and the reference current of the body diode; f is the

is the minimum ZVS current, while Izys ¢y, is the threshold
ZVS current to charge or discharge C. Notably, given
that all switching moments within three switching cycles
are considered, the ZVS condition described by (29)
can be applied to analyze ZVS across all hybrid modes,
encompassing the FB, HFR, HB, and HRZ modes for
both the inverter and rectifier.

Using the HRZ-HRZ mode (where both the inverter and
rectifier operate in the HRZ mode) as an example and
applying the system parameters from Table II, Fig. 10
presents the minimum ZVS current Izys_min under various
combinations of D and §. As shown in Fig. 10, when the

switching frequency.

Similarly, the conduction and switching losses of the rectifier
are formulated as

Prec_con = 2]:L)onlg (32)

off

les tSJ |V (V IR

Furthermore, the power losses of the resonant circuits are
given by

(33)

[_)recfsw =

QRR)E
Ir 3’

Pes = I3Rp + I3Rs (34)
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where Rp and Rg are the equivalent loss resistances of the
primary and secondary resonant circuits, respectively.

Consequently, the overall power loss of the system is obtained
as

Pl = —Pinvfcon + —Pinvfsw + ]Drecfcon + ]Drecfsw + R‘es- (35)

E. Optimal Mode Trajectory for MSCC Charging

As previously analyzed in Fig. 8, the proposed EHM-DSC
method provides up to 16 operating modes for the system.
Therefore, it is important to identify the optimal modes for
different MSCC stages. Fig. 11 demonstrates the flowchart for
determining the optimal modes based on the required MSCC
output. As illustrated in Fig. 11, the determination of optimal
modes involves three steps. A detailed explanation of these steps
is provided as follows.

Step-1. Determine whether the selected mode meets the output
requirements: First, based on the MSCC profile, the target
current (I, s¢¢) and the dc output voltage (V) are specified and
utilized as the inputs. Subsequently, the available 16 operating
modes are searched. Once the operating mode is identified, the
maximum output current (/, ) of the selected mode can be
obtained, as given by

8‘/1 GIW _Sys

Io_max = W (36)

’
s
/

! 1
! |
| |
! |
! |
! |
1 - ” 1
! Required Output 1
! Current: Eqn. (23)_> '
- 1

« 1 Critical ZVS : !
! |
! 1
! |
! |
! 1
! |
! |
! |
! 1
| |
! |

Duty Cycle - D

Flowchart for identifying the optimal modes based on the MSCC charging profile.

where G'ar_sys is determined by the selected operating mode. If
I max exceeds I, s, it indicates that the selected mode meets
the output requirements and can proceed to step-II. Otherwise,
another mode should be searched.

Step-I1. Identify the optimal operating point under the selected
mode: After the operating mode is determined, the optimal op-
erating point, specifically, the optimal duty cycle (Dyp) and the
optimal phase angle (dop), should be identified. The determina-
tion of the optimal operating point is guided by two criteria. First,
the optimal operating point needs to satisfy the required output
current. According to the calculation of (23), the corresponding
output current profile can be determined. Second, the optimal
point should achieve both the inverter and rectifier ZVS with
minimal reactive power. The optimal ZVS trajectory can be
identified through the derivation of (29). Specifically, in the
lower right corner of Fig. 11, an illustrative subfigure is provided
to demonstrate how the optimal combination of dop and Dy is
determined. Within this subfigure, when the combinations of &
and D are located on the red curve, the relationship described
by (23) is satisfied, where the required output current I, o is
obtained. On the other hand, if the combinations of § and D
lie on the blue curve, the relationship described by (29) is met,
where the inverter and rectifier ZVS are achieved with minimal
reactive power. The intersection point of the blue and red curves
represents the optimal operating point.
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Fig. 12.  Optimal ZVS trajectory and required output current profile when
the inverter and rectifier both operate at the HRZ mode. Herein, the threshold
ZVS current Izys ¢, is set as 2.0 A, while the required output current I, set is
configured as 0.1 I, yated-

Here, a specific example is provided to illustrate the de-
termination of the optimal operating point. Using the system
parameters in Table II, Fig. 12 illustrates the required output
current profile (the red curve) and the optimal ZVS trajectory
(the blue curve) when delivering 0.17, yateq at the HRZ-HRZ
mode. The required output current profile is derived by substi-
tuting the HRZ-HRZ mode gain and the required output current
0.11, rated into (23). Moreover, the optimal ZVS trajectory is
determined through the step-by-step derivation of (29). Notably,
the optimal ZVS trajectory in Fig. 12 corresponds to the inter-
section line between the colorful surface and the red plane in
Fig. 10. By projecting this intersection line onto the D — J plane,
the optimal ZVS trajectory in Fig. 12 is obtained accordingly.
Furthermore, as illustrated in Fig. 12, the intersection point of the
optimal ZVS trajectory and the required output current profile
represents the optimal point for delivering the target current
0.11, rated- At this point, the desired output current is obtained
while both the inverter and rectifier achieve ZVS with minimal
reactive power.

Once the optimal point is identified, the flowchart proceeds
to step-1II1.

Step-111. Select the optimal mode that minimizes overall power
loss: In this step, the overall power loss of the system is calcu-
lated using (35). Subsequently, the obtained overall power loss
is then compared with that of the previous mode. Finally, the
operating mode that minimizes the overall power loss is selected
and utilized as the output of this flowchart.

Utilizing the above-mentioned flowchart, the optimal mode
trajectory can be derived based on the specified MSCC charging
profile. Specifically, Fig. 13 illustrates the optimal mode trajec-
tory for the seven-stage MSCC profile specified in Table III. As
shown in Fig. 13, to handle the specified seven-stage profile, the
proposed method begins in the HRZ-HRZ mode during stage-1,
progresses to the FB-FB mode in stage-2, FB-HFR mode in
stage-3, HFR-HFR mode in stage-4, HFR-HB mode in stage-5,
HB-HB mode in stage-6, and finally returns to the HRZ-HRZ
mode in stage-7. In addition to the seven-stage profile [13],
the five-stage profile is also widely adopted [14], [29]. Fig. 14

10103

HRZ HB HFR FB

—

g
<

—
=
N

—
=
[}

Stage-1,
Stage-7

Mode gain of the rectifier - GM_rec

. Selected Mode
E] Unselected Mode

0 173 12 273 1
Mode gain of the inverter - GM_inv

Fig. 13.  Optimal mode trajectory for the seven-stage MSCC charging profile
specified in Table III.

TABLE III
SPECIFIED SEVEN-STAGE MSCC CHARGING PROFILE

No. of stage  Range of output voltage ~ Value of set current
1 320-336 V 0.72 A
2 337-420 V 7.20 A
3 408—-420 V 432 A
4 410-420 V 2.88 A
5 412-420 V 2.16 A
6 414-420 V 144 A
7 416-420 V 0.72 A

) HRZ HB HFR FB
i FB
é Stage-2
I
g Stage-3
g 2/3 HFR
)
£
S 12 HB
=
& 1/3 HRZ
3 Stage-1,
§ Stagge.s . Selected Mode
E] Unselected Mode
0 1/3 172 2/3 1

Mode gain of the inverter - GM_inv

Fig. 14.  Optimal mode trajectory for the five-stage MSCC charging profile
specified in Table IV.

depicts the optimal mode trajectory for the five-stage profile
detailed in Table IV. As shown in Fig. 14, when addressing
the specified five-stage profile, the proposed method begins in
the HRZ-HRZ mode during stage-1, progresses to the FB-FB
mode in stage-2, FB-HFR mode in stage-3, HFR-HFR mode in
stage-4, and finally returns to the HRZ-HR mode in stage-5.

It is noteworthy that while different MSCC profiles result in
varying optimal mode trajectories, the methodology presented
in this article is universal. By following the step-by-step process
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TABLE IV
SPECIFIED FIVE-STAGE MSCC CHARGING PROFILE
No. of stage Range of output voltage Value of set current

1 320-336 V 0.72 A
2 337-420 V 7.20 A
3 408-420 V 420 A
4 412-420 V 2.80 A
5 416-420 V 0.72 A
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g | Charging Stage
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Primary Inv. Mo@c - Secondary |
\Controller ____ ! Optimal Mode Trajectory __ Controller
Fig. 15.  Control block diagram of the proposed EHM-DSC method.

outlined in Fig. 11, the optimal mode trajectory can be derived
for any specified MSCC profile.

F. Control Framework

The control block diagram of the proposed EHM-DSC
method is demonstrated in Fig. 15. The implementation details
of this approach are elaborated as follows.

First, the dc output voltage and current (V, and [,) are
measured by the corresponding sensors. Based on the measured
V, and I,, a stage detection module is utilized to determine
the charging stage and the target current (I, <¢). For instance,
Fig. 16 demonstrates the flowchart of stage detection for the
seven-stage MSCC charging profile. As illustrated in Fig. 16,
the pre-detection process identifies the initial charging stage
based on the measured V,,. If V, is less than V|, e, the charging
process transitions to stage-1. Conversely, if V,, exceeds V,_pr,
the process shifts to stage-2. Furthermore, during the charging
process, V,, is monitored in real-time. Based on this real-time
measurement of V,,, the charging process transitions from stage-
1 or stage-2 through to stage-7. Upon completion of the final
stage (stage-7), the charging process is terminated.

Subsequently, based on the charging stage, the optimal in-
verter and rectifier modes are selected according to the optimal
mode trajectory. On the other hand, a PI controller is imple-
mented to ensure precise tracking of the reference target current
(I5_set)- The PI controller determines the adjustment of the
duty cycle D. Moreover, based on the optimal ZVS trajectory
described by (29), the phase angle J can be obtained accordingly.
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Fig. 17. Simulated dc output voltage ripple for various approaches with
different dc output capacitances.

Finally, based on the obtained control variables (D and §),
as well as the optimal inverter and rectifier modes, the pulse
generators are employed to produce the driving pulses for the
inverter and rectifier.

Notably, the optimal modes and ZVS trajectories are pre-
calculated and stored in the microcontroller in advance. During
real-time operation, the microcontroller primarily handles the
tasks of signal sensing, stage detection, PI control, and PWM
generation. These tasks are well within the capabilities of com-
mercially available microcontrollers.

G. Dc Output Voltage Ripple

To investigate the dc output voltage ripple of the proposed
EHM-DSC method, Fig. 17 demonstrates the simulation re-
sults comparing the dc output voltage ripple across various
approaches with different dc output capacitances. In these sim-
ulations, the dc output capacitance is varied for analysis, while
the load is configured as a dc resistive load. As shown in Fig. 17,
for the same dc output capacitance configurations, the proposed
method results in a higher output voltage ripple compared to the
conventional FB-DSC method. To achieve a comparable voltage
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Fig. 18. Experimental platform.

ripple with the FB-DSC method, the proposed approach requires
a larger dc output capacitance.

Nevertheless, it is worth emphasizing that, although the pro-
posed method increases output voltage ripple, it demonstrates
significant efficiency improvements over the FB-DSC method
(see Fig. 26). In practical design, a tradeoff between efficiency
improvements and increased output voltage ripple should be
considered when evaluating the proposed method. Although
applications with stringent requirements for output voltage rip-
ple may necessitate a larger output capacitor to leverage the
efficiency enhancement of the proposed method, it is important
to note that for applications prioritizing energy transmission
efficiency, the proposed method provides notable advantages.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup

To validate the effectiveness of the proposed EHM-DSC
method for MSCC charging, a WPT prototype was developed,
as shown in Fig. 18. The rated output power of this prototype was
configured as 3.0 kW. The dc input voltage of the system was
set at 400 V, which can be supplied by a frontend single-phase
boost PFC converter in practice. The dc output voltage, on the
other hand, was configured between 320 and 420 V to match
the typical voltage range of a 400 V EV battery. Moreover,
the seven-stage MSCC charging profile described in Table III
was investigated. Within the experiments, the dc input and
output voltages were provided by two bidirectional dc power
supplies. In addition, two H-bridge converters were employed
as the inverter and rectifier, with the operating frequency of these
converters fixed at 85 kHz. The control algorithm and pulse gen-
eration were implemented utilizing TI Launchpads F28379D.
Further electrical parameters of the developed prototype are
demonstrated in Table II.

Notably, within the system, the contactless coils generate
high-frequency magnetic fields for energy transmission. Mean-
while, signal processing circuits are crucial for modulation and
control. Hence, it is important to address potential interference
between the high-frequency electromagnetic fields and signal
processing circuits. To mitigate electromagnetic interference,
the following measures are implemented.
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1) Physical separation: The main power circuits and signal
processing circuits are positioned separately. By placing
the signal processing circuits at a distance from the coils,
the interference is significantly attenuated.

2) Signal transmission techniques: To reduce electromag-
netic interference, PWM signals are transmitted via op-
tical fibers. In addition, Ethernet cables are employed for
transmitting analog voltage and current signals.

3) Magnetic shielding: Aluminum shielding is applied to the
coils to attenuate stray magnetic fields. It is important to
highlight that the primary focus of the proposed method is
to enhance transmission efficiency and facilitate MSCC
charging using advanced modulation and control tech-
niques. In practical applications, the spatial arrangements
and magnetic shielding design can be further optimized to
minimize electromagnetic interference while improving
system compactness.

B. Operating Waveforms and Output Performances

Fig. 19 illustrates key operating waveforms of the proposed
EHM-DSC method for the MSCC profile specified in Table III.
The proposed approach enables mode transitions according to
the optimal mode trajectory described in Fig. 13. Through en-
abling these mode transitions, the proposed method facilitates
varying output currents in various charging stages. Furthermore,
by adjusting the duty cycle D of the inverter and rectifier ac
voltages, the proposed approach offers precise current regulation
capability to satisfy specific charging current demands. In addi-
tion, by regulating the phase angle 9, ZVS is achieved for both
the inverter and rectifier across all charging stages. As illustrated
in Fig. 19, the proposed mode transition strategy allows the
duty cycle D to remain consistently high while maintaining a
large phase angle § for achieving ZVS. This, in turn, minimizes
circulating reactive power within the resonant circuits, leading
to reduced rms currents and enhanced efficiency.

Fig. 20 demonstrates the FFT analysis of the coil currents for
the experimental results depicted in Fig. 19. As shown in Fig. 20,
through symmetrically distributing the voltage pulses, the pro-
posed HRZ and HFR modes eliminate even-subharmonics (sub-
harmonics at the frequencies of 2w/3, 4w/3,.. .) in the coil
currents. Moreover, due to the bandpass filtering characteristic
of the SS compensation, the odd subharmonics (subharmonics
at the frequencies of w/3, 5w/3,.. .) in the coil currents are
significantly mitigated. Consequently, the coil currents primarily
remain at the fundamental frequency of w. Although subhar-
monics in the coil currents are significantly smaller than the
fundamental component, it is still important to examine their
impacts. First, the presence of subharmonics in the coil currents
can influence the system’s output power, subsequently affecting
the dc output current. However, in the proposed method, the
closed-loop control (PI control) effectively guarantees accurate
output tracking. Secondly, the subharmonics can influence the
instantaneous values of the coil currents at the switching mo-
ments, affecting the implementation of ZVS. To address this,
Section III-C demonstrates a step-by-step procedure for deriving
the optimal ZVS conditions while accounting for subharmonic
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Key operating waveforms of the proposed EHM-DSC method in different MSCC stages. (a) Stage-1 (V, =336V, I, = 0.72 A). (b) Stage-2 (V,
337V, I, =17.20 A). (c) Stage-2 (V, =420V, I, = 7.20 A). (d) Stage-3 (V, =420V, I, = 4.32 A). (e) Stage-4 (V, =420V, I, = 2.88 A). () Stage-5 (V,
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420V, I, = 2.16 A). (g) Stage-6 (V, = 420 V, I, = 1.44 A). (h) Stage-7 (V,, = 420V, I, = 0.72 A).

components. By incorporating these components into the analy-
sis, the optimal ZVS conditions for both the inverter and rectifier
are established, enabling optimal ZVS operation with minimal
reactive power.

Fig. 21 shows the measured dc output voltages and charging
currents in distinct MSCC stages. As illustrated in Fig. 21, the
proposed method effectively achieves the required charging cur-
rents. Furthermore, Fig. 22 presents the measured output power
and dc-to-dc efficiency at different stages. As evident from
Fig. 22, the maximum output power of the system is 3.015 kW,
measured at the endpoint of stage-2, while the minimum output
power is 231 W, measured at the beginning point of stage-1.
Although the proposed method accommodates a significantly
wide power range from 231 W to 3.015 kW, the system maintains
high efficiency throughout all charging stages, with a peak dc-
to-dc efficiency of 95.67% and a minimum dc-to-dc efficiency
of 92.45%.

It is important to note that the measured dc-to-dc efficiency
accounts only for the power losses in the main power conversion
circuits. The auxiliary circuits, such as digital signal processors
and sensors, are powered by external dc adapters, and the power
losses from these circuits are not measured.

C. Efficiency Comparisons and Power Loss Analysis

To highlight the advantages of the proposed EHM-DSC
method, Fig. 23 provides a comparative analysis of the proposed
EHM-DSC method against existing approaches, focusing on
system performance at stage-1 (V, =320V, I, =0.72 A). At this
stage, the charging current is significantly low, approximately
0.11g. To achieve such a low current, the conventional FB-DSC
method still operates in FB-FB mode, while the existing HM-
DSC method utilizes HB-HB mode. In contrast, the proposed
EHM-DSC method employs HRZ-HRZ mode. Compared to

the conventional FB-DSC and existing HM-DSC methods, the
proposed approach demonstrates the following advantages.

1) Decreased rms currents: As shown in Fig. 23, the intro-
duction of the HRZ-HRZ mode enables a higher duty
cycle D and phase angle § compared to the HB-HB
and FB-FB modes. When delivering the same amount of
output power (around 231 W), the proposed EHM-DSC
method increases the value of ¢ from 18° (FB-DSC) and
38° (HM-DSC) to 59°. As described in Section II-A, a
larger phase angle ¢ contributes to reduced reactive power
circulating within the resonant circuits. Fig. 24 further
demonstrates a quantitative analysis of circulating reactive
power based on experimental results from Fig. 23. As
shown in Fig. 24, by increasing the value of 9, the proposed
EHM-DSC method reduces the reactive power from 714.3
Var (FB-DSC) and 296.6 Var (HM-DSC) to 138.9 Var. The
decreased reactive power results in lower rms currents. In
comparison with the conventional FB-FB mode, the pro-
posed HRZ-HRZ mode reduces the primary rms current
from4.1to 2.6 A and the secondary rms current from 4.2 to
3.0A. Similarly, compared to the existing HB—HB mode,
the HRZ-HRZ mode lowers the primary rms current from
3.2 to 2.6 A and the secondary rms current from 3.5 to
3.0 A. This reduction in rms currents decreases conduction
losses in the converters, coils, and capacitors.

2) Reduced turn-OFF currents: Further observation of Fig. 23
reveals that the proposed method achieves significantly
lower turn-OFF currents due to higher duty cycle D and
phase angle § . Specifically, compared to the conventional
FB-FB mode, the proposed HRZ-HRZ mode reduces the
inverter turn-OFF current from 5.1 to 1.9 A and the rectifier
turn-OFF current from 5.2 to 2.0 A. Similarly, compared
to the existing HB—HB mode, the HRZ-HRZ mode de-
creases the inverter turn-OFFcurrent from 4.9 to 1.9 A and
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Fig.21. Measured dc output voltages and charging currents in different MSCC
stages using the proposed EHM-DSC method.

the rectifier turn-OFF current from 5.2 to 2.0 A. These
reductions in turn-OFFcurrents contribute to significantly
lower switching losses in the converters.

3) Minimized switching events: The proposed HRZ-HRZ
mode significantly reduces switching events for both the
inverter and rectifier. As shown in Fig. 23, when the
inverter operates in the HRZ mode, it experiences only
four switching events over three switching cycles (37),
compared to six events in the HB mode and 12 events in the
FB mode. Considering both the inverter and rectifier, the
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Fig. 22. Measured output power and dc-to-dc efficiency in different MSCC
stages using the proposed EHM-DSC method.

proposed method decreases the total number of switching
events from 24 events (FB-FB mode) and 12 events (HB—
HB mode) to only eight events (HRZ-HRZ mode) over
three switching cycles. This reduction in switching events
leads to notably lower switching losses in the converters.

Furthermore, Fig. 25 illustrates the power loss breakdown
for the experimental results presented in Fig. 23. As shown in
Fig. 25, by providing decreased rms currents, reduced turn-OFF
currents, and minimized switching events, the proposed method
achieves significant loss reductions in each part of the system.
Consequently, when the charging system operates at stage-1 (V/,
=320V, I, =0.72 A), the proposed method enhances efficiency
from 83.44% (FB-FB mode) and 90.16% (HB-HB mode) to
92.93% (HRZ-HRZ mode).

Fig. 26 presents efficiency comparisons throughout the en-
tire MSCC charging process. As demonstrated in Fig. 26, the
proposed EHM-DSC method significantly improves overall ef-
ficiency throughout the charging process, achieving a maximum
efficiency improvement of up to 2.86% when compared with the
existing HM-DSC method. Notably, during the MSCC charging,
the system’s output power (see the gray dotted line in Fig. 26)
exhibits significant variations across different charging stages,
which in turn leads to notable changes in the measured efficien-
cies.

D. Dynamic Performance

To validate the dynamic performance of the proposed EHM-
DSC approach, the experimental prototype was tested under
stage transitions and voltage variations. In the experiments, the
dc output voltage and current were measured and processed by a
measurement and signal processing board, while a PI controller
was implemented in the TI launchpads to achieve the reference
tracking.

Fig. 27 demonstrates the dynamic performance of the pro-
posed method. As shown in Fig. 27(a), when the charging stage
transitions from stage-1 to stage-2, the system’s operating mode
switches from the HRZ-HRZ mode to the FB—FB mode, while
the dc output current is adjusted from 0.72 to 7.2 A. The proposed
method effectively tracks the reference current in approximately
1.2 s. In addition, Fig. 27(b) illustrates the dynamic performance
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within the same stage. When the output voltage varies from
410 to 420 V within stage-4, the proposed method maintains a
constant output current of 2.88 A, demonstrating its ability to
achieve CC output for MSCC charging.

V. CONCLUSIONS AND FUTURE WORK

This article proposes an EHM-DSC approach to enable high
transmission efficiency in wireless MSCC charging of EVs. By
introducing two novel operating modes, i.e., the HRZ and HFR
modes, the proposed EHM technique broadens the modulation
range of the conventional PSM. Applying the EHM method to
both the inverter and active rectifier further extends the output
tuning capability of the system, facilitating wide-range MSCC
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Fig. 26. Efficiency comparisons over the entire MSCC charging process.
Here, the colorful solid lines show the measured dc-to-dc efficiencies of various
approaches, while the gray dotted line indicates the system’s output power.
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Fig.27. Dynamic performance of the proposed EHM-DSC method. (a) When
the charging stage transitions from stage-1 to stage-2. (b) When the output
voltage varies from 410 to 420 V within stage-4.

outputs. Moreover, the implementation of optimal mode trajec-
tory ensures ZVS for all power switches while minimizing the
overall power loss of the system. Experimental results confirm
that the proposed EHM-DSC approach successfully achieves
MSCC charging and demonstrates a notable efficiency improve-
ment of up to 2.86% compared to the existing HM-DSC method.

It is worth noting that this article investigates the most widely
used SS compensation topology. However, other compensation
structures, such as LCC-S and LCC-LCC, are gaining more
and more popularity. Unlike the SS topology, the harmonic
components within the inductor currents are not significantly
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mitigated in LCC-S and LCC-LCC topologies. Therefore, when
applying the proposed EHM-DSC method to these topologies,
the harmonic components in the coil currents should be further
investigated. The research on how to extend the proposed ap-
proach to these topologies is regarded as future work.
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