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Optimal Multivariable Control for Wide Output

Regulation and Full-Range Efficiency Optimization
in LCC-LCC Compensated Wireless Power
Transfer Systems

Gangwei Zhu ', Student Member, IEEE, Jianning Dong
Guangyao Yu'”, Student Member, IEEE, Wenli Shi
Calvin Riekerk ', Student Member, IEEE, and Pavol Bauer

Abstract—This article presents an optimal multivariable control
(OMC) strategy for the LCC-LCC compensated wireless power
transfer systems. To mitigate reactive power and achieve higher ef-
ficiency, the proposed OMC method incorporates dual-side hybrid
modulation and primary-side switch-controlled-capacitor (SCC)
tuning into the triple-phase-shift (TPS) control. First, the impact of
hybrid modulation and SCC tuning on the system characteristics
is investigated. The inverter and rectifier zero-voltage-switching
(ZVS) conditions are then analyzed to achieve dual-side ZVS with
minimal reactive power. Furthermore, a multivariable optimiza-
tion problem is established based on the power loss analysis. The
solution to this problem provides optimal control variables that
minimize the overall system loss. Through collaborative modula-
tion and control of the inverter, rectifier, and SCC, the proposed
method reduces the rms values of the currents and lowers the turn-
OFF currents for the converters. As a result, this approach improves
efficiency in both light- and heavy-load conditions, enabling wide
output regulation and full-range efficiency optimization simulta-
neously. Finally, the proposed method is benchmarked with the
existing TPS method. Experimental results demonstrate that the
proposed method achieves higher dc-to-dc efficiency in the power
range of 0.2-2.2 kW, with a maximum efficiency improvement of
up to 6.3%.

Index Terms—Hybrid modulation, multivariable control, swit-
ch-controlled-capacitor (SCC), wireless power transfer (WPT).

I. INTRODUCTION

HROUGH enabling safe, flexible, and automated charging
without the necessity for physical cables, wireless power
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transfer (WPT) technology holds great potential in many in-
dustrial applications, such as consumer electronics [1], medical
devices [2], marine facilities [3], and electric vehicles (EVs) [4].
In these applications, batteries commonly serve as the loads of
the system. To address significant battery load variations during
the charging process, achieving wide output power regulation
is indispensable. Moreover, improving transmission efficiency
is regarded as another important objective to facilitate efficient
wireless battery charging.

In recent years, extensive approaches have been investigated
to achieve wide power regulation while improving efficiency for
WPT systems. These methods can be roughly classified into the
following three groups:

1) dc voltage regulation;

2) inverter/rectifier modulation;

3) frequency tuning.

One commonly adopted approach for achieving wide power
regulation involves adjusting the dc input and output voltages.
Typically, this is accomplished by incorporating dc-dc convert-
ers at the front and/or back end of the system [5], [6], [7].
Regulating dc voltages allows for a wide range of adjustments
to the delivered power. However, the introduction of additional
dc-dc converters results in increased power losses, higher costs,
and a reduction in power density.

To eliminate the need for dc-dc converters, phase-shift modu-
lation is frequently employed within the inverter and/or rectifier
to enable wide output tuning in WPT systems. In addition to
applying phase-shift modulation to the primary-side inverter [8],
the secondary-side rectifier can also be actively modulated by
replacing the passive diode rectifier with an active rectifier [9].
Implementing dual-side phase shift modulation on both the
inverter and rectifier significantly extends the operating range
of the system. However, the dual-phase-shift (DPS) method
encounters substantial efficiency degradation due to hard switch-
ing of power switches [10]. Based on the DPS method, a
triple-phase-shift (TPS) modulation strategy was further pro-
posed to enable wide-range zero-voltage-switching (ZVS) [11].
In the TPS method, the phase difference between the inverter
and rectifier ac voltages is dynamically adjusted to achieve
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ZVS under load variations. Nonetheless, this approach leads
to a significant increase in reactive power under light-load
conditions. Moreover, as the dc output voltage of the system
varies, the TPS method introduces additional reactive power,
leading to a notable reduction in transmission efficiency. Aside
from phase-shift modulation, other modulation techniques, such
as pulse density modulation (PDM) [12] and ON—OFF keying
(OOK) modulation [13], have been introduced to enable ZVS.
By maintaining a constant pulsewidth for the output voltage,
these modulations offer a broad ZVS capability while reducing
reactive power. However, the PDM methods lead to noticeable
current distortions and output voltage ripple due to the irregular
pulse distributions, whereas the OOK techniques result in sig-
nificant surge currents and output voltage ripple due to the “OFF”
state.

In combination with dc voltage regulation or phase shift
modulation, frequency tuning is also applied to achieve wide
power tuning. Mostafa et al. [14] proposed a hybrid voltage and
frequency tuning method to allow for wide power regulation in
wireless EV charging. In addition, a variable frequency-based
phase shift modulation was proposed in [15] to implement wide
ZVS for the inverter. However, it is noteworthy that tuning fre-
quency is susceptible to the bifurcation phenomenon [16], [17].
Consequently, existing frequency tuning strategies necessitate
careful design of system parameters to prevent the occurrence
of bifurcation.

Within the above approaches, the TPS method was widely
investigated as it enables wide-range ZVS and power regulation
while eliminating extra dc—dc converters, mitigating significant
output voltage ripple, and preventing frequency bifurcation. To
improve efficiency under light-load conditions, hybrid modula-
tion strategies were proposed for the SS compensation topol-
ogy in [18] and [19], where the half-bridge (HB) mode was
introduced for delivering power at light loads. However, these
approaches are not able to effectively improve efficiency as the
output power approaches the full level. In addition, Fu et al. [20]
integrated a secondary-side switch-controlled-capacitor (SCC)
into the LCC-LCC topology to reduce the reactive power at wide
output voltages. Nevertheless, a notable efficiency drop was
observed in this method when dealing with light-load conditions.
Existing methods lack effective strategies for simultaneously
improving efficiency under both light- and heavy-load condi-
tions.

To fill up the above research gaps, this article proposes an
optimal multivariable control (OMC) strategy based on the
LCC-LCC compensation network. The LCC-LCC topology
is investigated as it maintains constant coil currents despite
coupling changes while providing greater design flexibility.
Moreover, the main contributions of this article are summarized
as follows.

1) A multivariable control method featuring six control vari-
ables is proposed. By introducing dual-side hybrid mod-
ulation and a primary-side SCC, the proposed method
achieves significantly reduced reactive power when com-
pared with the existing TPS method.

2) ZVS conditions under hybrid modulation and SCC tuning
are investigated for the asymmetric LCC-LCC topology,
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Topology of the LCC-LCC compensated WPT system.

Fig. 1.

Fig. 2. Typical operating waveforms of the existing TPS modulation.

and the corresponding control variables are derived to
implement dual-side optimal ZVS.

3) A multivariable optimization problem is formulated based
on the power loss analysis. By solving this problem, opti-
mal control variables are obtained to minimize the overall
loss of the system.

4) Through cooperative modulation and control of the
inverter, rectifier, and SCC, wide output power regulation
is achieved without introducing extra dc—dc converters.
More importantly, the proposed method improves effi-
ciency in both light- and heavy-load conditions, thus en-
abling full-range efficiency optimization for the system.

The rest of this article is organized as follows. Section II

presents the fundamental characteristics of the LCC-LCC topol-
ogy and demonstrates the limitations of the existing TPS method.
Subsequently, Section III elaborates on the design principles and
control framework of the proposed OMC method. Experimental
results are further presented in Section IV. Finally, Section V
concludes this article.

II. PROBLEM FORMULATION

A. System Configurations

Fig. 1 presents the topology of the LCC-LCC compen-
sated WPT system, where an active rectifier is adopted on
the secondary side to replace the passive diode rectifier.
The dc input voltage is represented by Vi, while the bat-
tery voltage is denoted by V5. Moreover, the mutual in-
ductance of the contactless coupler is expressed as M =
kv/L1 Lo, where k is the coupling coefficient, and L; and
Ly are the primary and secondary self-inductances, respec-
tively. To compensate the leakage inductances of the loose
coupler, parameters of the LCC-LCC topology are designed as
wanl = 1/(&1an1), wanl = wnLl — 1/(wn01), wang =
1/(wnCy2), and wy Lo = wy Lo — 1/(w, Cs), where w, is the
resonant frequency [21].

Fig. 2 demonstrates the typical operating waveforms of the
existing TPS modulation. Here, u,;, and u.q are the inverter

Authorized licensed use limited to: TU Delft Library. Downloaded on August 05,2024 at 12:53:06 UTC from IEEE Xplore. Restrictions apply.



11836

output voltage and rectifier input voltage, respectively; up and
ug are the fundamental component of u,; and u.q4, respectively;
Dp and Dg are the duty cycles of u,, and u.q, respectively;
¢ is the phase difference between u,, and u.q. According to
the fundamental harmonic analysis (FHA) method, the phasor
forms of up and ug, denoted as U p and US, are given as

W, D NG D
Up= \fvlsin< §W>ZO,USZ\[Vgsin(25ﬂ-)L—6.
v w

ey
According to [11], when applying the TPS modulation into
the symmetrical LCC—LCC topology, the maximum efficiency
tracking of the resonant tank can be achieved when

sin(Dgm/2) Vi
sin(Dpr/2) Vo

Moreover, based on the work in [11], both the inverter and
rectifier ZVS are achieved by tuning the phase difference
angle ¢ in the TPS method.The value of § can be expressed
as 0 = m/2 + Ad, where A¢ is the compensation phase angle.
As AJ increases, the deviation between ¢ and 7/2 increases as
well, resulting in a larger reactive power in the resonant tank
while facilitating ZVS. Specifically, to realize the inverter ZVS
with minimal reactive power, Aé should be designed as

—21 X Izys + Vi(Dpm? — 8sin?(Dpm/2))
8akVa sin(Dgm/2)

— Dpr/2 (3)

)

Ay = cos!

where Izys is the threshold ZVS current to charge/discharge the
equivalent output capacitance C,s5 of the power switches within
the dead time; &« = Ly /Ly1 = Lo/Lyo;and X = wly = wLs.
Similarly, the rectifier ZVS with minimal reactive power can be
achieved by designing AJ as

L [—27 X Izys + Va(Dgn? — 8sin?(Dg/2))
8akVy sin(Dpm/2)

— Dgm/2. )

Ady = cos™

Consequently, to implement ZVS for both the inverter and
rectifier in the TPS method, A¢ is configured as

AS = max(Ady, Ads). 5)

B. Limitations of Existing TPS Method

Although the existing TPS method is able to achieve
maximum efficiency tracking and wide ZVS, it does encounter
significant limitations when dealing with nonunity dc voltage
gain and asymmetric LCC-LCC networks. The specific limita-
tions of the existing TPS method are elaborated as follows.

Considering the voltage specifications of the system input and
output, itis common practice for the WPT systems to be designed
for nonunity dc voltage gain. In addition, the asymmetric coil
structure is also frequently employed to enhance the coil mis-
alignment tolerance [22], as well as to optimize the component
parameters and stresses [23]. Therefore, it is preferable to fur-
ther extend the existing analysis to the asymmetric LCC-LCC
networks. In this article, both the nonunity dc voltage gain and
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TABLE I
PARAMETERS OF THE INVESTIGATED WPT SYSTEM

Symbol  Parameters Value  Unit
M Mutual inductance 94.6 pH
Ly Primary coil inductance 335.6 pH
Lo Secondary coil inductance 2242 uH
Ch Primary series capacitance 14.8 nF
Ca Secondary series capacitance 253 nF
Cr1 Primary parallel capacitance 33.1 nF
Cia Secondary parallel capacitance 413 nF
Ly Primary compensation inductance 103.8 pH
Lyo Secondary compensation inductance ~ 83.8 uH
R1 Primary coil resistance 0.45 Q
Ry Secondary coil resistance 0.30 Q
Rry1 Primary inductor resistance 0.20 Q
Rpgo Secondary inductor resistance 0.14 Q
fs Resonant switching frequency 85 kHz
\%1 DC input voltage 300 \%
Va DC output voltage 500 A%

the asymmetric network design are considered. The detailed
parameters of the investigated WPT system are demonstrated
in Table I.

When the asymmetric coil structure is considered, a more
general mathematical analysis is essential. Based on the FHA
method and applying Kirchoff’s voltage law (KVL), optimal
ZVS criteria shown in (3) and (4) are rederived as

1
Ay = cos ™t —2mwL 1 Lol
L= eos {SMVQsin(DSW/Q) x [F2mwlyiLyzlzvs
+ ViLgs(Dpm® — 88in2(Dpﬂ'/2))]} — Dpr/2
(6)
A52 = C0871 ! X [—27er 1L QIZ\/S
8MV; sin(Dpr/2) e

+ VoLg (Dsﬂ'2 — 85in2(Dsﬂ'/2))]} — Dgm/2.
(7
Besides, the efficiency of the resonant tank is rederived as
n~ wMLg Lya|sin(8)| x [(ReL3 + M?Rp1)The

+ (R1L}y + M*Rpg2)/Toc + wM Ly Lgs|sin(8)]]
®)

where T,. = |Us|/|Up| indicates the ac voltage gain of the
resonant tank. Here, the derivation of (8) follows the analysis
in [11] and extends it to the asymmetric networks. According
to [11], assumptions are made as follows.

1) The converter losses are neglected.

2) The power losses of the resonant circuits are modeled
with Ry, Ra, Rry1, and Ry o, where Ry and IR are the
equivalent loss resistances of coil branches, while Ry, ¢
and Ry o are the equivalent loss resistances of inductor
branches.

3) The power losses caused by harmonics are neglected, and
the FHA method is adopted for loss analysis.

Authorized licensed use limited to: TU Delft Library. Downloaded on August 05,2024 at 12:53:06 UTC from IEEE Xplore. Restrictions apply.
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TABLE II

I 462 (V2=300V) CONTROL OBJECTIVES OF THE PROPOSED OMC METHOD
0.8 % 70 — 451 (V2=400V)
P 'go ----- 402 (V2=400V)
%OA() < —A491 (V2=500V) abl . C | Obiecti
o: Dr(V2=300v) & 50 62 (V2=500V) Variable  Description ontro jective
£0. Ds (V2=300V) & Dp Inverter duty cycle Maximum efficiency tracking
a —Dp (V2=400V) g 30 . X X
------ Ds (V2=400V) & Dg Rectifier duty cycle Wide power regulation
—_DP(V2=500V) & - -
______ Ds (V2=500v) © 10 ) ) : Ad Compensation phase angle ~ ZVS for the rectifier
0 - . .
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 SCC conduction angle ZVS for the inverter
Output Power [W] Output Power [W] - - -
Kp Inverter operating mode Reducing reactive power

() (b)

Fig.3. Variations of (a) the duty cycles D p and D g and (b) the compensation
angle A¢ under various output voltages and power levels.

As evident from (8), the maximum efficiency of the resonant
tank is achieved when T satisfy

bRi + cRprfo

—_— 9
Rg/b—‘rCRLfl ©)

Tac_opt =

where b = Lo /Ly and c = M? /(L1 L o). Further, substitut-
ing (1) into (9) yields

sin(Dgm/2) W3

bRy + cRp¢2
Rg/b —+ CRLfl '

sin(Dp7/2) Vs (10)

Due to the asymmetric parameters between the primary and
secondary sides, as shown in (9), the maximum efficiency of the
resonant tank is no longer achieved when T;,. = 1. Conversely,
in the presence of nonunity dc voltage gain and asymmetric net-
work design, the duty cycles Dp and Dg need to be adjusted in
an inconsistent manner to realize maximum efficiency tracking,
as illustrated in (10). To visualize this point of view, the values
of Dp and Dg as functions of the output power are depicted
in Fig. 3(a). As shown in Fig. 3(a), there is a considerable
disparity between the values of Dp and Dy as the output power
varies. Moreover, the asymmetric parameters also result in a
distinct difference in the compensation angles Ad; and Ado, as
illustrated in Fig. 3(b).

Observing Fig. 3 indicates that the existing TPS method
exhibits the following two limitations.

1) As the output power decreases, the duty cycles Dp and
Dg are reduced accordingly. Consequently, a significantly
increased compensation angle A is required for ZVS,
leading to considerable reactive power under light-load
conditions.

2) The compensation angle AJ is selected as the maximum
value of Ad; and Ady to guarantee ZVS for both the
inverter and rectifier. However, in the cases of asymmetric
parameters, significant disparity is observed in Ad; and
Ads. Notably, as the output voltage deviates from the unity
value, this difference becomes more pronounced. The
substantial gap between Ad; and Ad, makes it unfeasible
to achieve dual-side ZVS with minimal reactive power
on both the primary and secondary sides. For instance,
considering the scenario of Vo = 500V, as depicted by
the green curves in Fig. 3(b), although the inverter ZVS
can be achieved with Ad;, Ad has to be selected as Ada

Kg Rectifier operating mode Under light-load conditions

L Rectifier

Phase Sync.
Pulse Gen.

| Pulse | Pulse i
Generator 1 Generator 2 :

Wireless

Comm.

Secondary Controller

Primary Controller

Fig. 4. Control block diagram of the proposed OMC method.

(Ads is significantly larger than Ad; in most power ranges
when V5 = 500 V) to ensure the rectifier ZVS, leading to
a substantial excess of reactive power on the primary side.

III. PROPOSED OMC

In this article, the abovementioned challenges are addressed
from two perspectives. First, the hybrid modes of the converters,
including the full-bridge (FB) and HB modes, are considered
to reduce the reactive power under light-load conditions. Here,
the inverter operating mode is denoted as K p, while the rec-
tifier mode is indicated by Kg. Second, a primary-side SCC
is introduced to facilitate the ZVS control, thus minimizing
reactive power on both the primary and secondary sides. The
SCC conduction angle is denoted as 6. The introduction of K p,
Kg, and 0 into the TPS method forms a multivariable control
featuring six degrees of freedom. The objectives of each control
variable are demonstrated in Table II, while implementation
details of the proposed method are elaborated in the following
section.

A. Control Block Diagram

Fig. 4 presents the control block diagram of the proposed
OMC approach. As illustrated in Fig. 4, the dc output voltage
V5 and current I, are first measured. After the signal processing
circuits, V5 and Iy, are multiplied to obtain the output power
P,. Based on the measured P, the inverter and rectifier
modes K p and K g are selected through the mode determination
module. Moreover, a proportional-integral (PI) controller is
employed to regulate the rectifier duty cycle Dg for voltage
tracking. According to the proposed optimization approach, as
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shown in Fig. 10, the optimal control variables are calculated of-
fline and stored as a look-up table in the microcontrollers. Based
on the duty cycle Dg and the look-up table, the corresponding
optimal control variables D p, §, and € are obtained. Finally, with
the obtained control outputs, the corresponding driving signals
for the inverter, the rectifier, as well as the SCC, are generated by
the pulse generators. Notably, the proposed approach uses only
one PI controller, eliminating coupling issues of multiple con-
trollers. In addition, the proposed method streamlines feedback
control by measuring only dc signals. Thanks to the simplified
controller design, stability issues are not a significant concern
in the proposed approach.

B. Impact of SCC Tuning

To minimize reactive power, a primary-side SCC is imple-
mented to replace the compensation capacitor C, as shown in
Fig. 5. Within the adopted SCC, the capacitor C,, is connected
in parallel with two reverse-connected power switches (.S, and
Sy), while C', is employed to reduce the voltage stress across C.
Typical operating waveforms of the SCC are further shown in
Fig. 6. By regulating the conduction angle 6, as shown in Fig. 6,
the equivalent capacitance of the SCC can be adjusted. Accord-
ing to the analysis in [24], the SCC equivalent capacitance is
given by

mCLCy

7wCy + nCy — 0Cy — sin(0)C,,
To investigate the impact of SCC tuning, the capacitor tuning

factor ¢ is introduced and defined as
. wli —1/(wC _eq)

X1
where X; = wLy; is the primary characteristic reactance. As
evident from (12), by regulating the SCC equivalent capacitance,

the capacitor tuning factor ¢ is adjusted accordingly. For ease of
analysis, € will be utilized to indicate the SCC tuning degree in

C’1_eq = (1 1)

12)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

Fig. 7. (a) Simplified FHA model and (b) phase diagrams of voltages and
currents for the SCC-based WPT system.

the rest of this article. With the definition of ¢ and ignoring the
loss resistances, the equivalent FHA model of the SCC-based
system is simplified in Fig. 7(a), while the corresponding phase
diagram of voltages and currents is illustrated in Fig. 7(b). In
this model, X» = wL 9 indicates the secondary characteristic
reactance. Moreover, applying KVL to this model, the influence
of SCC tuning on the system characteristics is analyzed as
follows.

1) Coil Currents: Based onthe FHA method, the expressions
for the coil currents I 1 and I o are derived as

I = (13)

Observing (13) reveals that the coil currents I, and I, are only
determined by the ac voltages Up and Ug, remaining unaffected
by the SCC tuning.

2) Inductor Currents: In addition, the expressions of the
inductor currents | L1 and I 2 are derived as

. S wM .

Itpo = — JX1X2 Up (14)
. e—1 S wM

Ippi =7 X, Up +jX1X Us (15)

As illustrated in (14), the SCC tuning does not affect the sec-
ondary inductor current I Lf2. However, further observation of
(15) indicates that both the amplitude and the phase angle of
the primary inductor current I r1 can be adjusted by the SCC
tuning. As shown in Fig. 7(b), by incorporating the SCC tuning,
a new control variable ¢ is introduced to facilitate the inverter
ZVS by dynamically regulating I r1. Furthermore, through
simultaneously tuning the SCC and the compensation angle
A, it is feasible to achieve the inverter and rectifier ZVS with
minimal reactive power on both the primary and secondary sides.
Details of how to tune € and A¢ for achieving dual-side optimal
ZVS will be elaborated in Section III-C.

3) Output Power: To investigate the impact of SCC tuning
on the power delivery, the output power expression of the SCC-
based system is derived by

M

Pout = RC{USszz} = m

|Up||Us] sin (g + A(S) .

(16)
As shown in (16), the SCC tuning does not influence the system
output power.
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Fig.9. Typical operating waveforms of the hybrid modes: (a) the FB—FB mode
and (b) the HB-HB mode.

C. ZVS Analysis Under Hybrid Modes

Although it is feasible to simultaneously regulate the SCC
tuning factor ¢ and the compensation angle AJ to achieve
dual-side ZVS, the values of € and AJ need to be optimized
for minimal reactive power. Moreover, as hybrid modulation
is considered to improve efficiency under light loads, it is also
essential to analyze ZVS conditions in hybrid modes. Therefore,
a detailed description of how to optimize ¢ and A¢ under the
hybrid modes is provided in this section.

As the high-order harmonics in iy g1 and iy, ro are notable, it is
important to establish a harmonic-considered model to calculate
i1 and ir o for ZVS analysis. Due to the filtering effect of
L1, Cr1, Lyo, and Cya, the voltages across Cri and Cta,
denoted as uc 1 and uc r2, contain little high-order harmonics.
Hence, the high-order harmonics in uc 1 and uc e can be
ignored [11]. Furthermore, ignoring the loss resistances, the
harmonic-considered equivalent circuit model for ZVS analysis
is presented in Fig. 8. In this model, uc 1 and uc o are still
approximated as sinusoidal waveforms, while the high-order
harmonics in u,;, and u.q are considered. Based on this model,
ZVS analysis under the hybrid modes is presented as follows. In
the following analysis, it is important to clarify that the FB—-HB
mode represents the inverter operating in FB mode while the
rectifier operates in HB mode.

1) FB—FB Mode: Typical operating waveforms of the FB—
FB mode are shown in Fig. 9(a). For the FB-FB mode, the
time-domain expressions of uc 1 (t) and ucf2(t) are

ucr(t) = Aeh sin Dem sin(wt) — 4 MV, sin Dsm
e T T 2 7Ly 2

X cos(wt — AJ) (17)
4 MV, . Dpm sin(wt) 4Vy . ([ Dgm
in in — —=sin [ —=—
mLyy 2 v T i 2
x cos(wt — AJ). (18)

uca(t) =
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Moreover, applying KVL to the model, as shown in Fig. 8, the
following differential equations are obtained as

diLfl diLfZ
dt dt -

By solving the above equations, expressions of iz () and
irp2(t) can be derived.

Taking i7,¢1(t) as an example, observing Fig. 9(a) indicates
that the inverter output voltage u,, remains at V; when tpg <
t < tpy. Within this time period, the expression of ¢r, 1 (t) is

Uab — Ucf1 = L1 yUCf2 — Ued = Ly (19)

1 t
iLfl(t):iLfl(tPO)“"Lf/ [Vl—’u,cfl(T)]dT. (20)

1 Jtpo

When tpy < t < tpo, it is evident that u,, = 0, and iy, 71 () is
expressed as

1 t
ipi(t) = ivpi(te) + 7 / [~ucsi(r)ldr. 21
11

tp1

Considering the symmetric characteristic of i1, 1 (t), it is appar-
ent that iz, 71 (tpo) = —irs1(tp2). Consequently, ir,s1(tpo) is
V1 DpTF

derived as
. 9 DP’IT
— sin
2wa1 < 2 )

4MVy . [ Dgm Dpm
— + A6 ).
7mijlLﬁsm( 5 )cos( 3 + )
(22)

4eVq
mwL

irp(tpo) =

Similarly, i, r2(ts2) is derived as

VaDgm 4Vo . o (Dsm
— + Sin

20.)Lf2 WWsz 2

4 MV, sin <DP7T> cos (DS?T + A5> .
WwalLfQ 2 2
(23)

irpa(tss) =

According to [11], to realize the inverter and rectifier ZVS with
minimal reactive power on both the primary and secondary sides,
the following constraint should be satisfied:

irf1(tpo) = —Izvs,irfa(tse) = —Izvs. 24)

Apparently, under the asymmetric parameters, only adjusting
the compensation angle AJ is not feasible to simultaneously
satisfy these two equations in (24). Therefore, a new control
variable, i.e., the SCC tuning factor ¢, is introduced to facilitate
dual-side optimal ZVS. Substituting (23) into (24) yields the
optimal Adgp, which is expressed as
Aéopl = — D57T/2 + COS_l{A_1 X [ — 27TWLf1Lf2[ZVS
+ VaLy (Dsn® — 8sin®(Dgm/2))]} (25)

where A = 8MV; sin(Dp7/2). Moreover, substituting (22)
and (25) into (24) yields the optimal &, which is
opt = I X [=27wL y1 LyaIzys + Vi Lo Dp?
— 8 MV, sin(Dgm/2) cos(Dpm/2 4+ Adop)]  (26)

where I' = 8V; L po sin®(Dpr/2).
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2) HB-HB Mode: Fig. 9(b) presents the typical operating
waveforms of the HB—HB mode. For the HB-HB mode, the
time-domain expression of uq(t) is given by

DpV; 2V; D
Uqp(t) = I; ! —&—n:; n—; sin (n QPW) cos [n (wt — g)]
D 2 D
= 1;V1 +n:; n—‘;l sin(n 2P7r> sin (%T) sin(nwt)
2 D
+ Z o ! sin (n 2P7r) cos (%) cos(nwt). (27)
s

n=24,...

Observing (27) reveals that u,; consists of three parts: the dc
component, the odd-harmonics, and the even-harmonics. The
impact of these three parts on iy, 1 is analyzed as follows. First,
due to the dc blocking effect of C's; and C1, the dc component
of uqp has no impact on iz, ¢ . Second, the odd-harmonics form
a symmetrical FB square waveform, with the dc voltage at V; /2
and the duty cycle at Dp. The calculation of i, r1_oda(t), which
is excited by the odd-harmonics of up, can follow the previous
analysis for the FB-FB mode. The expression of i1, 1 odd(tpo)
ViDpm

is derived as
_ sin? @
4wa1 2

2MVy . [ Dgm Dpm
oLl sin < 5 ) cos (2 + A5> .
(28)

2€V1
71'wa1

irf1 odd(tpPo) =

Third, regarding the even-harmonics, the time-domain expres-
sion of i7,£1_even(t), Which represents the current excited by the
even-harmonics, is given by

iLf1 even(t) = Z 2V sin(nwt) sin (nDP?T> cos (mr) .

2rwl 2 2
n=2,4,... Wk

2

(29)
Furthermore, i1, £1_even(t po) is calculated as

sin? <”DQP”) . (30)

Consequently, ir,¢1(tpo) in the HB-HB mode is derived as

2
n?nwlL ¢y

Z.Lf 1_even (tPO) - Z

n=2,4,..

i (t )7 B VleTr 26‘/1 SiHQ DP’/T
LfEPo) = 4wa1 7Twa1 2
2 MV D D
2 gin ST cos P + A6
WwalLfg 2 2
2 D
-3 5 VlL sin? (” 21”). @1
neza,. VTl

Similarly, i1, r2(ts2) under the HB—HB mode is derived as
Vg D ST

— sin® Dsm
4wa2 2

2MV; . Dpr Dgm
sin COSs
WwalLfg 2 2

2V
7ToJLf2

irfa(tse) =

+a0)
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2V5
n?nwL gy

>

n=24,..

D
sin? <” S”) . 32)
2
Interestingly, as shown in (31) and (32), the even-harmonics
resulted from the HB mode reduce the values of iy, 1 (tpo)
and i7,s2(ts2), which facilitates the implementation of ZVS.

Moreover, substituting (32) into (24) yields the optimal Ady
under the HB-HB mode, which is

A5Upt = — DS7T/2 + cos! {Al X |:— 47Twa1LfQIZVS

+ VaoLgi (Dsm? — 8sin®(Dgm/2))

2.

L D
+ 8‘/22fl sin® (n Sﬂ-)]}.
n=24,... n 2

Further substituting (31) and (33) into (24) obtains the optimal
€opt under the HB-HB mode, which is expressed as

(33)

Eopt = Itx |- 47Twa1Lf2_[Z\/s + VlLfQDpTFQ

—8 MVysin(Dgm/2) cos(Dpm/2 + Adop)

8V1Lf2 ) nDp7r
sin .
Z 2 2
n=24,...

3) FB—-HB and HB—FB Modes: The optimal Adapy and eqp
under the FB—HB and the HB-FB modes can be derived in a
similar way. Specifically, the optimal Ad,,; and €,,; under the
FB-HB mode are derived as

(34)

A(imt = — DSW/Q + cos! {(21\)1 X [— 47Twa1LfQIZVS

+ VoL (Dgm? — 8sin®*(Dgm/2))

>

L D
+ 8‘/22’”1 sin? (” S”)
n=24,... n 2

Eopt = I tx [—27Twa1LfQIZVS + ‘/iLfQDp?TQ
4 MVysin(Dsr/2) cos(Dpm/2 + Adop)]. (36)

(35)

Moreover, the optimal Aday and €4 under the HB—FB mode
are obtained as

Abopy = — Dgm/2 + cos H{(A/2)7t x [—27wL 1 Lyolzys

+VaLp1 (Dsn® — 8sin(Dsm/2))]} 37)
Eopt =171 X [— drwLyg LyaIzys + ViLa Dpm®
— 16 MV, sin(Dgn/2) cos(Dpm/2 + Adgp)
L D
Z 8V12f2 sin? (n PW)] : (38)
n 2
n=24,...

Based on the above analysis, it is evident that by simultane-
ously tuning Aé and € to Adgp and gqp, both the inverter and
rectifier ZVS can be achieved with minimal reactive power.
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D. Derivation of Optimal Control Variables

Distinct from the conventional TPS, the proposed method
adopts a multivariable control featuring six degrees of freedom,
which makes it challenging to derive an explicit expression of the
efficiency, especially for the high-order compensation topology.
In addition, it is preferable to consider the overall efficiency of
the entire system instead of the efficiency of the resonant tank.
Therefore, the traditional approach of identifying the maximum
efficiency point by solving the derivative of an explicit efficiency
expression is discarded, while it is transformed into an optimiza-
tion problem with a multivariable input.

The objective of the optimization problem is to minimize the
overall losses of the whole system. The power losses of the
proposed system comprise the losses incurred by the inverter,
the resonant circuits, the SCC, and the rectifier. The power losses
of the inverter mainly consist of the conduction and switching
losses of the MOSFETs. Specifically, the conduction losses of the
inverter are

IDinvfcon = QRONI%,JH (39)

where R,, is the conduction resistance of the power switches.
Moreover, the switching losses of the inverter are

EOFF + CgRI%)
Vrlr  Irp

(40)
where ¢ = 2 corresponds to the FB mode, whereas ( = 1 cor-
responds to the HB mode; Eq represents the turn-OFF energy
losses of the MOSFET; Vx and Iy denote the reference drain—
source voltage and source current of the MOSFET; and () g and
Irp are the reverse recovery charge and the reference current
of the body diode, respectively [18]. Similarly, the conduction

and switching losses of the rectifier are

Py sw = Clirfi(tpo) +insi(tp1)|Va (

Rec_con = 2R0N1%f2 (41)
. . E,
Prec sw =Clirs2(ts1) +irnsa(tse)]Va < = + QRR) s
VrIr = IgrD
42)

In addition, the power losses of the resonant circuits are
Pes =17 s1Rep1 + 17 g Ripa + IT Ry + I3 (R2 + Reo)

+I?;flRCf1 +Iéf2RCf2 (43)

where Rca, Royi, and Reoyo are the equivalent series resis-
tances (ESRs) of the compensation capacitors Ca, C'y1, and Co,
respectively. Moreover, the power losses of the adopted SCC are

Pye = 212, Rox + 12, Rew + 17 Rey, (44)

where Rc, and B¢, are the ESRs of the compensation capac-
itors C; and Cy, respectively; I, is the rms current across the
power switches S, and Sp; and I, is the rms current across
C. Consequently, the overall loss of the system is obtained by

]Dl = -Pinv_con + -Pinv_sw + Rec_con + Prec_sw + R’es + Pscc'
(45)
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Search the duty cycles
Dp and Ds within (0,1]
Calculate 4dopr using
(25). (33). (35), or (37)

Input system parameters,
Vi, V2 and Pref

Search the inverter and
rectifier modes K7 and Ks

. ¥ \

Calculate goprusing
(26). (34), (36), or (38)

E Find the minimum Prand its i -
E relevant variables {Dp, Ds, 49, ¢} E
! under the selected mode i
(e.g.e=0.5W)
Is all hybrid modes Yes
No considered?

Find the minimum P and its
relevant variables{KP, Ks, Dp, Ds,
A0, ¢} among all modes

Output the optimal variables
{KP_opt, KS_opt, DP_opt, DS opt,

Adopt, opt}

No Yes

Keep Pi_old and its Keep Pi_new and its
relevant variables relevant variables

%__#
No Has the exhaustive
limit been reached?
Yes
Output the minimum Prand its
relevant variables {DpP, Ds, 49,
£} under the selected mode

_________________________________

End

Fig. 10.  Flowchart for deriving the optimal variables to minimize the overall
power loss of the system.

With given system parameters and dc voltages, P, can be ex-
pressed as

P, = f(Dp,Dg,Ad,e,Kp, Kg). (46)
As indicated by (46), P, is a function determined by six control
variables. The optimization objective is to find an optimal set
of variables {Dp_opt, D5 opts Adopts Eopts K P_opts K5 opt} that
minimizes the value of ;.

The flowchart for deriving the optimal variables is illustrated
in Fig. 10, and the specific steps are elaborated as follows. (Ini-
tialization): First, the system parameters, the dc input, and output
voltages V7 and V5, as well as the required output power Py, are
given in the initial stage. (Mode Selection): Subsequently, the
inverter and rectifier modes K p and K¢ are searched between
the FB and HB modes. (Duty Cycle Selection): After Kp and
Kg are determined, the inverter and rectifier duty cycles Dp
and Dg are then searched within the range of (0,1], where the
exhaustive method is applied to implement the search of Dp
and Dg.

(Optimal ZVS Implementation): Based on the selected Kp,
Kg, Dp, and Dg, the optimal variables Adgp and eqp are
calculated according to the analysis in Section III-B. (Power
Assessment): After all of the control variables, i.e., Dp, Dg, A0,
e, Kp,and Kg, are determined, the output power of the system
is calculated using (16). If the output power P, is consistent
with the required power P, the currently selected variables are
preserved, and the overall power losses P, are then calculated
using (46).

(Loss Minimization): By comparing the power losses P} ob-
tained from different sets of variables, the optimal set of variables
{Dp_opt» Ds_opts Adopts €opts K P_opts K s_opt} that minimizes P,
is identified.
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Fig. 11.  Derived optimal control variables: (a) the duty cycles Dp and Dg

and (b) the compensation phase angle Ad and the SCC tuning factor e.

Based on the above approach, the optimal variables are
derived using the parameters listed in Table I, as shown in
Fig. 11. In addition, the control variables of the existing TPS
method are also demonstrated for comparison. As indicated
by Fig. 11, the proposed OMC method introduces the HB—HB
(Pow <360W) and FB-HB (360 W < Py, < 1000 W) modes
under light-loads. As illustrated in Fig. 11(b), the introduction
of hybrid modes and SCC tuning in the OMC method signif-
icantly reduces the value of AJ. The reduced AJ contributes
to decreased reactive power within the resonant circuits, thus
achieving improved efficiency under light-load conditions. As
the output power approaches full level, both the proposed OMC
method and the TPS method operate in the FB-FB mode
(Poue > 1000 W). However, as shown in Fig. 11(b), the SCC
tuning is introduced in the OMC method. The incorporation of
SCC tuning enables adjustment of both the amplitude and phase
angle for the primary inductor current (i1, ¢1 ), facilitating optimal
ZNS for both the inverter and rectifier. The implementation of
dual-side optimal ZVS reduces excessive reactive power caused
by asymmetric parameters, thereby further enhancing efficiency
under heavy-load conditions.

In practical applications, considering the limited computing
power of the microcontrollers, it is preferable to implement the
abovementioned optimal control variables using a look-up table.
It is noteworthy that the value of SCC conduction angle # instead
of the SCC tuning factor ¢ should be stored as a look-up table
in practical implementation.

E. Design Guidelines for SCC

1) Capacitance of C, and C,: Based on the optimal vari-
ables shown in Fig. 11(b), the maximum and minimum SCC
tuning factor is: epax = 1.96 and e, = —0.21, respectively.
Submitting £max and e, into (12) yields the maximum and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 9, SEPTEMBER 2024

o |
5 2
5 Emax
<
@ 1 N
E SCC tuning range
2
o 0 -
1o w3 23 n
SCC conduction angle €

Fig. 12. Relationship between the SCC conduction angle 6 and the capacitor
tuning factor € when C,, = 13.0nF and C, = 31.7nF.
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Fig. 13. Maximum voltage stresses of (a) the capacitor C; and (b) the
capacitor C', under different power levels.

minimum capacitance of C' ¢, i.e., Ci_eq max = 26.5nF and
C1_eq_min = 9.8 nF, respectively. On the other hand, regarding
the tuning range of 6 (0 < 0 < ), the equivalent SCC capaci-
tance satisfies: C,//Cy < C1_¢q < Cy. To ensure that the SCC
is able to obtain the required capacitance, the following rela-
tionship should be satisfied: Cy > 26.5nF, C,//C, < 9.8nF.
Moreover, as shown in Fig. 12, when 6 approaches m, the
0 — ¢ curve becomes flat. The flattened curve area significantly
reduces the SCC tuning sensitivity. Therefore, to prevent en-
countering this area, itis important to consider sufficient margins
when designing C,, and C,,. Consequently, the capacitance of
C and Cy, are designed as 13.0 and 31.7 nF, respectively.

2) Voltage stress of SCC: To illustrate the capacitor voltage
stresses of the SCC, Fig. 13 demonstrates the simulation results
of the maximum capacitor voltages at different power levels. As
the output power varies, the simulated maximum voltage stresses
of C, and C, reach up to 740 and 415 V, respectively. Moreover,
the measured maximum voltage stresses of C, and C}, in the
experiments are also presented in Fig. 13 for comparisons. As
depicted in Fig. 13, the experimental results demonstrate good
agreement with the simulated results.

Following the above analysis, the selection of SCC MOSFETSs
can be facilitated. According to the SCC topology, the switches
S, and Sy, need to block the voltage of C', when the switches
are turned OFF. Based on the above simulation analysis for SCC
voltage stress, the rated blocking voltage of S, and .S, should
exceed 740 V. It is noteworthy that in practical applications, suf-
ficient margins should be considered when selecting MOSFETS.
Therefore, in this article, MOSFETs with a rated voltage of 1.2 kV
are selected as the SCC switches.

IV. EXPERIMENTAL VERIFICATIONS

A. Hardware Setup

To validate the proposed OMC method, experiments were
carried out based on an LCC-LCC compensated WPT prototype,
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Oscilloscope #2:
YOKOGAWA DLM2034
Oscilloscope #1:
YOKOGAWA DLM2054

Output Power Supply: !
DELTA ELEKTRONIKA _&___|
SM1500-CP-30

Power Analyzer:
YOKOGAWA WT500

. Input Power Supply:
DELTA ELEKTRONIKA
SM500-CP-90

Primary Controller:
TI LaunchPads F28379D

Secondary Controller:
TI LaunchPads F28379D
Measurement & Signal
Processing Board

H-Bridge Rectifier

H-Bridge Inverter
Cn 3

The SCC (C1)

Fig. 14.  Experimental prototype.

TABLE III
HARDWARE CONFIGURATIONS OF THE INVESTIGATED WPT PROTOTYPE

Configurations Descriptions
Converter switches SiC MOSFETs  (IMZ120R030M1H)
SCC switches (Sq, Sp) SiC MOSFETs  (G3R20MT12K)

Capacitors (Cy1, Cf2, C2)
Capacitors (Cz, Cy)
Inductor cores (Lyq, Ly2)

Film capacitors (KEMET R76)
Film capacitors (TDK B32671L)
Ferrites (TDK PM 74/59, N87)
58 cm x 38 cm

N1 =19, No =20

600 strands x 0.071 mm

10 cm

Coil dimensions (L1, L2)
Coil turns (L1, L2)
Litz wire (L1, L2)
Air gap of coils (L1, L2)

as depicted in Fig. 14. Within this prototype, the asymmetric
coil structure is investigated, and the inductors Ly and Ly
are designed to obtain the required maximum output power. The
capacitors Co, C'y1, and C'yo are designed in accordance with the
general principles of the LCC-LCC topology, while the capacitor
(1 is replaced by an SCC. The switching frequency is set to the
commonly adopted 85 kHz within WPT systems. In addition, a
nonunity dc voltage gain is considered, with the dc voltages con-
figured as V4 = 300V and V5, = 500V, respectively. Moreover,
the proposed control algorithm, as well as the pulse generation
for the converters and the SCC, was implemented on the TI
LaunchPad F28379D. The synchronization between the primary
and secondary sides is achieved by the zero-crossing-detection
technique for the secondary coil current. To guarantee ZVS for
the inverter and rectifier, the minimum ZVS current of the power
switches is designed as 2.0 A. More detailed system parameters
and hardware configurations of the investigated prototype are
elaborated in Tables I and III, respectively.

B. Operating Waveforms and Efficiency Comparisons

When delivering 300 W power in the proposed OMC method,
asillustrated in Fig. 15, the system operates in the HB—HB mode.
Moreover, in the proposed method, the SCC tuning factor e,
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Fig. 15. Measured operating waveforms and DC-to-DC efficiency when de-
livering 300 W power: (a) the proposed OMC method and (b) the existing TPS
method.
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Fig. 16. Harmonic analysis for the experiments shown in Fig. 15: (a) the

proposed OMC method and (b) the existing TPS method.

as well as the compensation angle Ad, is adjusted to achieve
both the inverter and rectifier ZVS while minimizing the reactive
power. Specifically, the SCC tuning factor ¢ is regulated to 0.88,
while the compensation angle AJ is adjusted to 32°. In addition,
as demonstrated in Fig. 15, by incorporating the HB—-HB mode,
the proposed OMC method notably increases the values of Dp
and Dg. The incorporation of HB-HB mode and SCC tuning
significantly reduces the compensation angle AJ from 63° to
32° in the proposed method, consequently lowering reactive
power within the resonant circuits. The reduction of reactive
power contributes to a notable decrease in the rms values of the
inductor and coil currents. In comparison with the TPS method,
as demonstrated in Fig. 15, the proposed method reduces I7,rq
from4.4t03.6 A, I,y from3.8t02.4 A, I, from3.4t02.2 A, and
I from4.5t0 3.4 A. The decreased rms currents not only resultin
reduced power losses within the resonant circuits, but also mini-
mize conduction losses of the converters. Furthermore, operating
the converters in the HB mode halves the equivalent switching
times of the power switches, which also significantly reduces the
switching losses of the converters. Consequently, as shown in
Fig. 15, the proposed method improves the dc-to-dc efficiency
from 87.4% to 92.4%, achieving an efficiency improvement of
5.0%. Fig. 16 further demonstrates the harmonics analysis for
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the experiments, as shown in Fig. 15. The introduction of the
HB-HB mode, as shown in Fig. 16, results in even-harmonics
in the ac voltages wu,;, and wu.q4, consequently leading to even-
harmonics in the inductor currents iz and iz, r2. Although
notable harmonics existed within ¢z, ;1 and ¢, yo, both the inverter
and rectifier ZVS were achieved in the proposed method. As
illustrated in Fig. 15(a), by simultaneously adjusting € and A4,
the minimum ZVS currents for the inverter and rectifier were
2.1 and 2.6 A, respectively.

Fig. 17 further presents the experimental results of the pro-
posed method and the TPS method when delivering 800 W.
When applying the proposed OMC method to deliver 800 W
power, the system works in the FB-HB mode. As demonstrated
in Fig. 17(a), the proposed OMC method adjusts the SCC
tuning factor € to 0.17 to enable the inverter ZVS. Moreover,
the compensation angle AJ¢ is reduced from 54° to 21° in the
proposed OMC method. The introduction of FB-HB mode and
SCC tuning reduces Iz ¢y from 6.3 to 6.1 A, Ir o from 5.3
to 4.3 A, I; from 4.8 to 3.9 A, and I> from 6.5 to 4.9 A.
More importantly, by adjusting the SCC, the proposed method
reduces the minimum inverter ZVS current from 5.5 to 2.1 A,
resulting in a decrease in inverter turn-OFF losses. When de-
livering 800 W, the proposed method enhances the efficiency
from 91.9% to 94.1%, leading to an efficiency improvement
of 2.2%.

When delivering 1.5 kW power in the proposed method, as
shown in Fig. 18, both the proposed OMC method and the TPS
method operate in the FB-FB mode. In both methods, the duty
cycles Dp and Dg, as well as the compensation angle AJ, are
similar. However, in the proposed OMC method, the SCC tuning
factor ¢ is regulated to 1.95 to facilitate the optimal inverter
ZVS. Asillustrated in Fig. 18, the proposed method dramatically
reduces the minimum ZVS current of the inverter from 10.8 to
2.8 A, leading to a substantial reduction in the inverter turn-OFF
losses. Moreover, I r1 is also decreased from 8.9 t0 6.1 A, which
lowers the inverter conduction losses and the primary inductor
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Fig. 18. Measured operating waveforms and DC-to-DC efficiency when de-
livering 1.5 kW power: (a) the proposed OMC method, (b) the existing TPS
method.
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Fig. 19. Calculated power loss distributions for the experiments presented in

Figs. 15,17, and 18.

losses. Compared with the TPS method, the proposed method
achieves an efficiency improvement of 1.2%, with the efficiency
improved from 93.4% to 94.6%.

Fig. 19 demonstrates the calculated power loss distributions
for the above experiments. As illustrated in Fig. 19, owing to the
introduction of hybrid modulation and SCC tuning, the losses
in the converters, inductors, capacitors, and coils are all reduced
when delivering 300 and 800 W power in the proposed method.
Moreover, when delivering 1.5 kW power, the incorporation of
SCC reduces the primary inductor current and the inverter turn-
OFF current, contributing to a significant reduction in the inverter
and inductor losses. It is noteworthy that the implementation of
ZVS turn-ON and turn-OFF for the SCC (as shown in Figs. 15,
17, and 18) effectively minimizes the SCC switching losses, and
extra losses caused by the SCC are insignificant.

Furthermore, Fig. 20 demonstrates the measured dc-to-dc
efficiency of the proposed OMC method with the TPS method
at different output power levels. As illustrated in Fig. 20, the
introduction of hybrid modulation and SCC tuning significantly
enhances the efficiency under light-load conditions, resulting
in a maximum efficiency improvement of up to 6.3%. The
maximum efficiency improvement is observed at 200 W, where
the efficiency is improved from 84.3% to 90.6%. In addition
to the enhanced efficiency under light-load conditions, the pro-
posed approach further improves efficiency as the output power
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Fig. 21. Measured operating waveforms and DC-to-DC efficiency when
delivering 200 W power in the proposed OMC method: (a) with SCC and (b)
without SCC.

approaches the full level through the implementation of SCC
tuning. Consequently, the proposed OMC method enables full-
range efficiency optimization, with the efficiency consistently
exceeding 90% in the power range of 0.2-2.2 kW.

To demonstrate the benefits of SCC tuning, Fig. 21 presents
the experimental results when delivering 200 W power in the
HB-HB mode, comparing cases with and without SCC. As
shown in Fig. 21(b), only adjusting the compensation angle A
fails to achieve dual-side optimal ZVS. To guarantee dual-side
ZVS without SCC, A is adjusted to 49°, and the minimum
rectifier ZVS current reaches 4.1 A. Conversely, introducing
SCC enables both the inverter and rectifier to achieve ZVS with
aminimized ZVS current. Furthermore, SCC tuning reduces Ad
from 49° to 35°, resulting in diminished reactive power within
the resonant circuits. As demonstrated in Fig. 21, SCC tuning
decreases Ir, o from 2.5 t0 2.0 A, I; from 2.1 to 1.8 A, and I,
from 3.5t0 3.0 A, achieving an efficiency improvement of 0.9%.

In addition, Fig. 22 compares experimental results for 600 W
power delivery in the FB—HB mode with and without SCC. As
shown in Fig. 22, introducing SCC lowers the minimum rectifier
ZVS current from 4.6 to 2.3 A and decreases A¢ from 46° to 31°.
Moreover, itreduces I,y from4.3t03.7 A, I; from3.8t03.3 A,
and I from 5.3 to 4.5 A, leading to an efficiency enhancement
of 0.7%.
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Fig. 23. Dynamic performance of the proposed OMC method: (a) when the
DC load is changed from 200 to 250 €2, with the output power decreased from
1.25to 1 kW and (b) when the DC load is changed from 500 to 750 €2, with the
output power decreased from 500 to 333.3 W.

The dc-to-dc efficiency with and without SCC tuning
under different power levels is also compared in Fig. 20. As
demonstrated in Fig. 20, the introduction of SCC improves the
efficiency across the entire power range, encompassing HB—HB,
FB-HB, and FB—FB modes.

C. Dynamic Performance

To assess the dynamic performance of the proposed OMC
method, the experimental prototype was tested under transient
load changes. A measurement and signal processing board was
designed to monitor the dc output voltage and current in real
time. In addition, a PI controller was implemented in the TI
launchpads to achieve voltage tracking under load changes.

The dynamic experimental results are demonstrated in Fig. 23.
As shown in Fig. 23(a), when the dc load suddenly changes
from 200 to 250 2, the operating mode of the system shifts
from the FB-FB mode to the FB-HB mode. The dc output
voltage is restored to 500 V within 240 ms, with the output
power decreased from 1.25 to 1.0 kW. As the output power
further decreases, the system operating mode switches from
the FB-HB mode to the HB—HB mode, as demonstrated in
Fig. 23(b). Experiments reveal that when the dc load is abruptly
changed from 500 to 750 2, the proposed method effectively
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TABLE IV
COMPARISONS WITH OTHER EXISTING CONTROL METHODS FOR WIDE OUTPUT REGULATION AND EFFICIENCY OPTIMIZATION

Reference ~ Compensation Control scheme Control variables Dynamic time  Output power  DC-to-DC efficiency
[10] SS Dual-side control DPS < 30 ms 0.1-1.0 kW 80%—-93%
[11] LCC-LCC Dual-side control TPS N/A 0.2-1.0 kW 90%—94.83%
[25] SS Primary-side control  Inverter PSM! and variable inductor < 280 ms 57-170 W T7%—92%
[18] SS Dual-side control TPS and hybrid modulation < 140 ms 0.3-1.8 kW 92.49%-94.29%
[19] SS Dual-side control TPS and hybrid modulation < 190 ms 1.0-10 kW 93.5%—-96.1%
[20] LCC-LCC Dual-side control TPS and SCC 10 ms 0.2—-1.6 kW 88.2%—92.3%

This article LCC-LCC Dual-side control TPS, hybrid modulation, and SCC < 240 ms 0.2-2.2 kW 90.6%—94.9%

1 PSM indicates phase shift modulation.
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Fig.24.  (a) Dynamic performance of SCC and (b) enlarged view of Fig. 24(a)
when the DC load is altered from 500 to 750 2.

restores the output voltage to the reference value within 209 ms,
with the output power decreased from 500 to 333.3 W. More-
over, Fig. 24 presents the dynamic performance of the SCC
when the dc load is altered from 500 to 750 €. As illus-
trated in Fig. 24, by adjusting the SCC conduction angle, the
proposed method achieves dynamic SCC tuning under load
changes.

D. Comparisons With Existing Methods

Table IV compares the proposed OMC approach with other
existing methods. As given in Table IV, [25] incorporated a
variable inductor to achieve wide ZVS for the SS compensation.
However, Li et al. [25] solely investigated the primary-side
control, which is limited in control flexibility and output tun-
ing range. Conversely, the dual-side control provides greater
control flexibility and enhances the power regulation range.
Nevertheless, the existing DPS control results in hard switching
under load variations [10], whereas current TPS methods lead
to significant reactive power [11].

Although the authors in [18] and [19] integrated hybrid mod-
ulation into the TPS control to improve light-load efficiency,
their focus was on SS compensation. To the best of the authors’
knowledge, the integration of dual-side hybrid modulation into
the TPS method specifically for the LCC-LCC topology has
not yet been reported. Distinct from the SS topology, where the
harmonics of the coil currents can be ignored, hybrid modula-
tion introduces noticeable harmonics into the inductor currents
within the LCC-LCC topology. With harmonics considered, the
proposed method investigates optimal ZVS conditions for all
hybrid modes in the LCC-LCC topology, enabling ZVS for both
the inverter and rectifier while minimizing reactive power.

In addition, we investigated the TPS control for the asymmet-
ric LCC-LCC topology. Although existing TPS strategies for
LCC-LCC compensation primarily concentrate on symmetrical
topologies [11], [20], the asymmetric structure is also frequently
employed [22], [23]. To this end, we extended the existing
analysis to the asymmetric LCC—-LCC network and presented the
limitations of existing TPS methods. Furthermore, we proposed
an OMC method by introducing dual-side hybrid modulation
and SCC tuning. Although the work in [20] also incorporates
the SCC tuning, it does not consider dual-side hybrid modu-
lation and fails to effectively improve the light-load efficiency.
Integrating dual-side hybrid modulation and SCC tuning forms
a multivariable control featuring six degrees of freedom. Based
on the power loss analysis, this article establishes a multivariable
optimization problem. By solving this problem, all optimal
control variables are derived to minimize the overall loss of the
system.

Moreover, Table IV demonstrates comparisons of the power
tuning range, dc-to-dc efficiency, and dynamic time. As given in
Table IV, the proposed method achieves a dc-to-dc efficiency
range of 90.6%-94.9% within 9.1%—-100% of rated power.
When compared with other listed methods that also utilize
the LCC-LCC topology, the proposed method achieves higher
efficiency across a wider output power regulation range. Re-
garding dynamic time, the proposed approach exhibits a per-
formance comparable with that of existing methods. Similar to
other literature, the proposed method achieves dynamic time
at the millisecond (ms) level, which is fast enough for battery
charging. Notably, the proposed method aims at wide-range
power regulation and efficiency optimization for steady-state
operation, whereas reducing dynamic time is not the main
focus. In addition, as the dynamic time is affected by system
parameters, experimental configurations, and hardware circuits,
it is difficult to make a fair comparison of dynamic time across
various experimental platforms in different literature.

It is noteworthy that although the SCC leads to extra losses,
these losses are not significant due to the low ON-resistance
characteristics of MOSFETs and the implementation of
zero-voltage turn-ON and turn-OFF for SCC switches. Moreover,
although extra switches are required, introducing SCC notably
enhances overall system efficiency. This improved efficiency
not only conserves more energy but also alleviates the thermal
stress of the converters and resonant circuits. Therefore, for
applications demanding high energy efficiency, the proposed
method is beneficial.
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V. CONCLUSION

To facilitate wide output tuning while improving efficiency
for the WPT systems, this article proposes an OMC strategy
by incorporating SCC tuning and hybrid modulation into the
TPS method. Through simultaneously adjusting the converter
phase-shift angles and the SCC conduction angle, the proposed
approach achieves inverter and rectifier ZVS with minimized re-
active power on both the primary and secondary sides. Moreover,
the integration of hybrid modulation reduces reactive power
under light-load conditions. The reduction in reactive power
leads to decreased rms currents, as well as reduced turn-OFF cur-
rents, consequently minimizing power losses within the system.
Experimental results confirm that the proposed method effec-
tively achieves wide output regulation and full-range efficiency
optimization for an LCC-LCC compensated WPT prototype.
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