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Abstract—This paper proposes a variable-capacitance-based
control strategy to improve efficiency for asymmetric LCC-LCC
compensated wireless power transfer (WPT) systems. While the
existing triple-phase-shift (TPS) method can achieve power reg-
ulation and wide-range zero-voltage-switching (ZVS), it results
in significantly increased reactive power under asymmetric LCC-
LCC compensation topology. To this end, this paper incorporates
a switch-controlled-capacitor (SCC) on the primary side. The im-
pact of variable capacitance on the system characteristics is first
investigated. Furthermore, the optimal capacitor tuning factor is
derived to achieve the inverter ZVS with minimal reactive power.
Through the implementation of variable capacitance, the primary
inductor current is notably reduced within a wide range of power.
Moreover, the turn-off currents of power switches are minimized.
These factors contribute to a reduction in inductor and inverter
losses, thus improving the overall efficiency. Experimental results
confirm that the proposed method improves the efficiency of
an asymmetric LCC-LCC compensated WPT prototype, with a
maximum efficiency improvement of up to 1.8%.

Index Terms—Wireless power transfer, asymmetric LCC-LCC
compensation, variable capacitance, efficiency improvement

I. INTRODUCTION

In recent years, there has been a significant surge in research
efforts focused on advancing wireless power transfer (WPT)
technology. The WPT technology offers safe and automatic
charging, which can be applied in diverse applications, such
as medical implants [1], mobile phones [2], underwater devices
[3], and electric vehicles (EVs) [4].

In practical WPT systems, batteries commonly serve as the
loads. Throughout the battery charging process, the equivalent
load resistance of the battery undergoes substantial changes.
Therefore, to effectively cope with considerable load variations

in practical scenarios, it is important for the WPT systems to
possess wide-range power regulation capabilities [5].

A commonly adopted approach to enable wide-range power
control involves adjusting the DC input and output voltages.
This can be achieved by cascading DC-DC converters either on
the primary side or the secondary side within the system [6],
[7]. However, the addition of extra power conversion stages
results in more components and power losses [8].

To avoid introducing additional DC-DC converters, some
researchers and engineers focus on implementing phase-shift-
modulation (PSM) for achieving power regulation. Neverthe-
less, the conventional PSM strategy leads to hard switch-
ing under load changes, consequently resulting in substan-
tial switching losses [9]. In order to achieve zero-voltage-
switching (ZVS) under varying load conditions, Hu. et al.
proposed a variable-frequency-based PSM strategy in [10].
This approach dynamically adjusts the inverter frequency ac-
cording to the load conditions, thus enabling wide-range ZVS.
However, tuning the frequency in WPT systems may lead
to the bifurcation phenomenon [11], [12]. Existing variable-
frequency-based methods rely on system parameter design to
prevent the bifurcation. In contrast to adjusting the frequency,
a triple-phase-shift (TPS) control was proposed in [13] to
achieve wide ZVS in a LCC-LCC compensated WPT system.
The LCC-LCC compensation network provides constant coil
currents under poor coupling conditions and offers more
design freedom, which is widely adopted in WPT systems
[14]–[17]. In the TPS approach, the phase difference between
the inverter and rectifier AC voltages is introduced as a new
control variable to facilitate ZVS. It is noteworthy that the
existing TPS methods mostly concentrate on the symmetrical
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Fig. 1. Circuit diagram of the studied LCC-LCC compensated WPT system.

LCC-LCC compensation topology [13], [18]. However, in
practice, the parameters of the primary and secondary sides
may be asymmetrical. The parameter asymmetry can arise
from two important factors [19]: firstly, variations in load
voltage may lead to inconsistency between the DC input and
output voltages; secondly, asymmetric coil design can result
in non-symmetrical compensation parameters. In the cases of
asymmetric LCC-LCC topology, the existing TPS methods
lead to considerably increased reactive power in the resonant
tanks, resulting in a noticeable decline in efficiency (A detailed
illustration of this point of view will be shown in section II-B).

To cope with the above challenges, this paper introduces
a switch-controlled-capacitor (SCC) on the primary side.
Through the implementation of variable capacitance, the pro-
posed method reduces the primary inductor current when
there are parameter inconsistencies between the primary and
secondary sides, thereby improving the efficiency. The main
contributions of this paper are summarized as follows:

1) The asymmetric LCC-LCC compensation network is
analyzed. Moreover, limitations of the existing TPS methods
under asymmetric LCC-LCC compensation are demonstrated.

2) An SCC is incorporated on the primary side, and the
impact of variable capacitance on the system characteristics is
investigated.

3) The optimal SCC tuning factor is derived to enable
the inverter ZVS with minimal reactive power. Through the
implementation of optimal capacitor tuning, the proposed
strategy significantly reduces the primary inductor current
across a broad power range, thus reducing the inductor and
inverter losses while improving the overall efficiency.

The rest of this paper is structured as follows. Section II
provides an analysis of the asymmetric LCC-LCC compensa-
tion network and presents the limitations of the existing TPS
methods. Subsequently, section III demonstrates the proposed
method, while the experimental results are shown in section
IV. Finally, section V concludes this paper.

II. PROBLEM FORMULATION

A. Analysis of Asymmetric LCC-LCC Compensation

Fig. 1 demonstrates the circuit diagram of the LCC-LCC
compensated WPT system. As shown in Fig. 1, the inves-
tigated system comprises three essential parts: the inverter,
the active rectifier, and the LCC-LCC compensated resonant
circuits. Within Fig. 1, the DC input and output voltages
are VIN and VOUT , while the DC output current is IOUT .

DPπ

iLf1

vab

ωt0

ωt0

DSπδ

iLf2

tP0

tS0

tP1 tP2

tS1 tS2

vcd

uP

uS

VIN

VOUT

Fig. 2. Typical operating waveforms of the TPS control.

Moreover, the self-inductances of the coils are L1 and L2,
while M indicates their mutual inductance. According to [14],
the parameters of the LCC-LCC topology are configured as
follows: ωRLf1 = 1/(ωRCf1), ωRLf1 = ωRL1− 1/(ωRC1),
ωRLf2 = ωRL2 − 1/(ωRC2), ωRLf2 = 1/(ωRCf2), where
ωR is the resonant frequency. Here, the subscript “1” indi-
cates the primary side, while the subscript “2” represents the
secondary side.

In the LCC-LCC compensated WPT systems, TPS control
is widely employed for power regulation. Fig. 2 illustrates the
operating waveforms of the existing TPS control. In Fig. 2,
vab and vcd are the AC voltages of the inverter and rectifier,
while uP and uS are their fundamental components; DP and
DS are the duty cycles of vab and vcd, while δ indicates
their phase difference. In the TPS control, there are three
control variables: DP , DS , and δ. Through the control of DP ,
DS , and δ, the system is able to achieve power regulation,
maximum efficiency tracking, and wide ZVS simultaneously.
It is noteworthy that existing TPS methods mainly concentrate
on the symmetric LCC-LCC compensation topology. How-
ever, asymmetric coils are also widely used to enhance coil
misalignment tolerance and to optimize component stress [19].
The asymmetric coil design leads to asymmetric compensation
parameters. Therefore, it is preferable to extend the existing
analysis into the asymmetric LCC-LCC topology. In this paper,
the asymmetric LCC-LCC compensation network is adopted,
and the corresponding analysis is presented as follows.

(1) Power Regulation: Based on the analysis in [13] and
extending it to the asymmetric LCC-LCC topology, the output
power of the system is derived as

Pout =
8VINVOUTM

π2ωLf1Lf2
sin(

DPπ

2
)sin(

DSπ

2
)sin(δ). (1)

As evident from (1), the output power of the system can be
regulated by adjusting DP , DS , and δ.

(2) Maximum Efficiency Tracking: Moreover, the trans-
mission efficiency of the asymmetric LCC-LCC compensated
resonant circuits is derived as

η ≈ ωMLf1Lf2|sin(δ)| × [(R2L
2
f1 +M2RLf1)TAC

+(R1L
2
f2 +M2RLf2)/TAC + ωMLf1Lf2|sin(δ)|]−1,

(2)
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where

TAC =
|uS |
|uP |

=
2
√
2sin(DSπ/2)VOUT /π

2
√
2sin(DPπ/2)VIN/π

. (3)

As evident in (3), TAC is the AC voltage gain of the resonant
circuits. Moreover, observing (2) reveals that the maximum
efficiency of the resonant circuits is achieved when TAC

satisfies

TAC OPT =

√
bR1 + cRLf2

R2/b+ cRLf1
, (4)

where b = Lf2/Lf1, c = M2/(Lf1Lf2). Further substituting
(3) into (4) yields

sin(DSπ/2)

sin(DPπ/2)
=

VIN

VOUT

√
bR1 + cRLf2

R2/b+ cRLf1
. (5)

To achieve maximum efficiency tracking for the resonant
circuits, the inverter and rectifier duty cycles DP and DS

should satisfy (5).
(3) ZVS Implementation: In the TPS control, achieving

ZVS can be accomplished by adjusting the phase difference
angle δ. For analytical convenience, the value of δ is repre-
sented as δ = π/2+∆δ, where ∆δ denotes the compensation
phase angle. As the value of ∆δ increases, the deviation
between δ and π/2 increases accordingly, leading to elevated
reactive power while facilitating ZVS. In the asymmetric
LCC-LCC topology, to realize the inverter ZVS with minimal
reactive power, ∆δ needs to be configured as

∆δ1 = cos−1{ 1

8MV2sin(DSπ/2)
× [−2πωLf1Lf2IZV S

+V1Lf2

(
DPπ

2 − 8sin2(DPπ/2)
)
]} −DPπ/2,

(6)
Similarly, to achieve the rectifier ZVS with minimal reactive
power, ∆δ should be designed as

∆δ2 = cos−1{ 1

8MV1sin(DPπ/2)
× [−2πωLf1Lf2IZV S

+V2Lf1

(
DSπ

2 − 8sin2(DSπ/2)
)
]} −DSπ/2.

(7)
Finally, in order to achieve ZVS for both the inverter and
rectifier, ∆δ is set as

∆δ = max(∆δ1,∆δ2). (8)

B. Limitations of Existing TPS Control

Based on the above analysis, the existing TPS control ex-
hibits a limitation when the primary and secondary parameters
are not symmetric. As evident from (5), (6) and (7), when
the dual-side parameters are not symmetric, there is a gap
between ∆δ1 and ∆δ2. With the parameters listed in Table.
I, Fig. 3 demonstrates the disparity between ∆δ1 and ∆δ2
under different output power and voltages. As illustrated in
Fig. 3, the disparity between ∆δ1 and ∆δ2 becomes significant
with varying output power and voltages. Nevertheless, in the
existing TPS control, ∆δ is configured as the maximum value
of ∆δ1 and ∆δ2 to ensure ZVS for both the inverter and
rectifier. The gap between ∆δ1 and ∆δ2 results in extra

TABLE I
SYSTEM CONFIGURATIONS OF THE STUDIED ASYMMETRIC LCC-LCC

COMPENSATED SYSTEM

Symbol Parameters Value Unit

M Mutual inductance 95.0 µH
L1, L2 Coil inductances 335.8, 224.7 µH
C1, C2 Series capacitances 14.8, 25.3 nF
Cf1, Cf2 Parallel capacitances 33.1, 41.3 nF
Lf1, Lf2 Compensation inductances 103.8, 83.8 µH
R1, R2 Coil resistances 0.45, 0.30 Ω
RLf1, RLf2 Inductor resistances 0.20, 0.14 Ω
VIN DC input voltage 300 V
VOUT DC output voltage 450 V
fs Resonant frequency 85 kHz

(Δ
δ

2
-Δ
δ

1
) 

[°
] 
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Fig. 3. Disparity between ∆δ2 and ∆δ1 in various output power and voltages.
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Fig. 4. Circuit topology and operating waveforms of the utilized SCC.

reactive power. Take the case of VOUT = 450 V as an
example, although the inverter ZVS can be achieved with ∆δ1,
∆δ must be chosen as ∆δ2 to ensure the rectifier ZVS. Since
∆δ2 is significantly larger than ∆δ1 in most power ranges at
VOUT = 450 V , the existing TPS control leads to a noticeable
surplus of reactive power on the primary side.

III. IMPLEMENTATION OF VARIABLE CAPACITANCE

A. Impact of Variable Capacitance

To address the above-mentioned additional reactive power, a
primary-side SCC is implemented to replace the compensation
capacitor C1. Fig. 4 demonstrates the circuit topology and
operating waveforms of the utilized SCC. As shown in Fig. 4,
the SCC equivalent capacitance can be regulated by adjusting
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the conduction angle θ. Based on the analysis in [20], the SCC
equivalent capacitance is given by

C1 eq =
πCxCy

πCx + πCy − θCy + sin(θ)Cy
. (9)

Furthermore, to analyze the impact of variable capacitance,
the capacitor tuning coefficient ε is specified as

ε =
ωL1 − 1/(ωC1 eq)

X1
, (10)

where X1 = ωLf1 indicates the primary characteristic re-
actance. As it can be observed from (9) and (10), adjusting
the SCC equivalent capacitance allows for the corresponding
regulation of ε. In the rest of this paper, the term ε will be
employed to indicate the SCC tuning degree for simplicity.
With the definition of ε, the simplified equivalent model of
the proposed system is shown in Fig. 5. Here, X2 = ωLf2 is
the secondary characteristic reactance. Moreover, by applying
Kirchhoff’s Voltage Law (KVL) to this model, the impact of
variable capacitance is illustrated as follows.

(1) Impact on Coil Currents: The coil currents İ1 and
İ2 are derived as

İ1 = −j
U̇P

X1
, İ2 = j

U̇S

X2
. (11)

As evident from (11), the SCC tuning coefficient ε is absent
in the expressions of İ1 and İ2, indicating that SCC tuning
does not impact the coil currents.

(2) Impact on Inductor Currents: Moreover, the inductor
currents İLf1 and İLf2 are derived as

İLf2 = −j
ωM

X1X2
U̇P , (12)

İLf1 = j
ε− 1

X1
U̇P + j

ωM

X1X2
U̇S . (13)

Observing (12) reveals that the SCC tuning does not influence
İLf2. However, further examination of (13) indicates that both
the amplitudes and phase angles of İLf1 can be adjusted
through SCC tuning. This introduces a new control variable
for achieving inverter ZVS by dynamically regulating İLf1.
Details on how to design the optimal SCC tuning factor ε to
minimize İLf1 will be discussed in section III-B.

(3) Impact on Power Delivery: The output power of the
proposed system is derived as

Pout = Re{U̇S İ
∗
Lf2} =

M

ωLf1Lf2
|U̇P ||U̇S |sin(δ) (14)

As shown in (14), the output power is determined by the AC
voltages of the inverter and rectifier, while tuning the SCC
does not influence the power delivery.

B. Optimal SCC Tuning Coefficient for Inverter ZVS

According to [13], to realize the inverter ZVS with minimal
reactive power, the following criteria need to be satisfied:

iLf1(tP0) = −IZV S , (15)

where IZV S is the threshold current for charging/discharging
the equivalent output capacitance Coss of the power switches.
To investigate the optimal ZVS condition shown in (15), it is
necessary to derive the time-domain expression of iLf1. Based
on [13], it is important to consider the high-order harmonics
in iLf1(t) for ZVS analysis. The harmonic-considered ZVS
analysis is illustrated as follows.

Firstly, owing to the filtering effects of Lf1 and Cf1, the
voltage across Cf1 (designated as uCf1) exhibits little high-
order harmonics. Therefore, the expression of uCf1(t) can
still be derived based on the FHA method. The time-domain
expression of uCf1(t) is given by

uCf1(t) =
4εV1

π
sin(

DPπ

2
)sin(ωt) +

4MV2

πLf2
sin(

DSπ

2
)

×sin(ωt− π/2−∆δ),
(16)

Secondly, by applying KVL to the circuit diagram shown
in Fig. 4, the following differential equation is obtained as

vab(t)− uCf1(t) = Lf1
diLf1(t)

dt
. (17)

As illustrated in Fig. 2, the inverter output voltage vab remains
at VIN during the time interval of tP0 < t < tP1. In this
interval, the time-domain expression of iLf1(t) is given by

iLf1(t) = iLf1(tP0) +
1

Lf1

∫ t

tP0

[VIN − uCf1(τ)]dτ. (18)

Furthermore, vab remains at 0 during the period of tP1 < t <
tP2. Within this period, the time-domain expression of iLf1(t)
is represented by

iLf1(t) = iLf1(tP1) +
1

Lf1

∫ t

tP1

[−uCf1(τ)]dτ. (19)

Thirdly, considering the symmetrical characteristics of the
current waveforms, it is evident that

iLf1(tP0) = −iLf1(tP2). (20)

Combining (16), (18), (19), and (20), the value of iLf1(tP0)
is derived as

iLf1(tP0) = −V1DPπ

2ωLf1
+

4εV1

πωLf1
sin2(

DPπ

2
)

+
4MV2

πωLf1Lf2
sin(

DSπ

2
)cos(

DPπ

2
+ ∆δ).

(21)
Finally, substituting (15) into (21) obtains the optimal SCC
tuning coefficient for the inverter ZVS, which is given by

εopt = Γ−1 × [−2πωLf1Lf2IZV S + V1Lf2DPπ
2

−8MV2sin(DSπ/2)cos(DPπ/2 + ∆δ)],
(22)

where Γ = 8V1Lf2sin2(DPπ/2).
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According to the above analysis, it is apparent that by
adjusting the SCC coefficient ε to εopt, the inverter ZVS can
be realized with minimal reactive power.

It is noteworthy that in this paper, achieving rectifier ZVS
is still accomplished by adjusting the compensation phase
angle ∆δ as outlined in (8). The proposed method aims to
incorporate the SCC to mitigate excess reactive power on the
primary side, thus reducing the primary inductor current while
improving efficiency.

C. Reduction of Primary Inductor Current

To validate the effectiveness of variable capacitance, Fig. 6
illustrates the calculated RMS value of the primary inductor
current with and without SCC tuning. Notably, as previously
discussed in section III-A, the SCC tuning does not impact the
coil currents, the secondary inductor current, and the output
power. However, the primary inductor current iLf1 can be
adjusted. As shown in Fig. 6, the introduction of SCC tuning
leads to a notable reduction in ILf1 across wide power ranges.
This reduction not only diminishes power losses in the primary
inductor Lf1 but also lowers conduction and turn-off losses for
the inverter, thereby enhancing the efficiency of the system.

D. Control Block Diagram

Fig. 7 demonstrates the block diagram of the proposed con-
trol strategy. The DC output voltage is initially measured. A
PI controller is then employed for voltage tracking, generating
the rectifier duty cycle DS . Afterward, the inverter duty cycle
DP is calculated using (5). After obtaining the values of DP

and DS , the compensation angle ∆δ is computed using (8) to

Oscilloscope #1: 

YOKOGAWA DLM2054

H-Bridge Rectifier

Power Analyzer: 

YOKOGAWA WT500

Oscilloscope #2: 

YOKOGAWA DLM2034

Input Power Supply: 

DELTA ELEKTRONIKA 

SM500-CP-90

Output Power Supply: 

DELTA ELEKTRONIKA 

SM1500-CP-30

Digital Controllers: 

TI LaunchPads F28379D

 Lf1 

 Cf1 
 C2 

 Cf2 

H-Bridge Inverter

The SCC (C1)
 L1  L2

Contactless Coils

 Lf2 

Fig. 8. Asymmetric LCC-LCC compensated WPT prototype.
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iLf1[10A/div]
iLf2[10A/div]

Time [5μs/div]

(a)

ZVS ZVS 

i1[10A/div]

vcx[200V/div]

i2[20A/div]

vgs_sa[20V/div]

Time [5μs/div]

(b)

Fig. 9. Steady-state waveforms of the proposed method when transferring
1.8 kW power: (a) operating waveforms of vab, vcd, iLf1, and iLf2; (b)
operating waveforms of i1, i2, vcx, and vgs sa.

implement ZVS. Moreover, the SCC control angle θ is derived
through (9), (10), and (22). This SCC control angle is then
applied to the primary-side SCC. The SCC tuning decreases
the primary-side reactive power, thereby reducing the primary
inductor current and enhancing efficiency.

IV. EXPERIMENTAL RESULTS

To validate the proposed approach, experiments were con-
ducted using an asymmetric LCC-LCC compensated WPT
prototype, as depicted in Fig. 8. In this setup, two H-
bridge converters are adopted as the inverter and rectifier,
while a primary-side SCC is assembled to allow for variable
capacitance. The system is powered by a DC source, with
the DC input voltage configured as 300 V, while another
bidirectional DC source was employed to function as the load.
The algorithm and pulse generation of the proposed control
technique were implemented in TI Launchpads F28379D. To
implement ZVS for the power switches, the threshold ZVS
current was set to 2 A. More detailed parameters of the
prototype can be found in Table. I.

Fig. 9 shows the steady-state waveforms of the proposed
approach when transferring 1.8 kW power. As shown in Fig.
9(a), the proposed strategy implements ZVS for both the
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Fig. 10. Comparisons between the proposed method and the existing TPS
method when transferring 1.0 kW power: operating waveforms of (a) the
existing TPS control, and (b) the proposed method; measured DC-to-DC
efficiency of (c) the existing TPS control, and (d) the proposed method.

inverter and rectifier, and the minimum ZVS currents are
both regulated around the designed value. On the other hand,
as evident from Fig. 9(b), the SCC achieves ZVS as well.
As a result, the switching losses of the SCC MOSFETs are
minimized.

Fig. 10 provides a comparative analysis of the proposed
method and the existing TPS method when transferring 1.0 kW
power. As illustrated in Fig. 10(a), the RMS value of iLf1 is
6.5 A in the TPS control, while the minimum ZVS current of
the inverter is 9.2 A. Nevertheless, owing to the implementa-
tion of variable capacitance, as depicted in Fig. 10(b), ILf1 is
reduced from 6.5 A to 4.2 A in the proposed method, and the
minimum ZVS current of the inverter is decreased from 9.2
A to 2.8 A. The reduced primary inductor current contributes
to less inductor and inverter losses. As shown in Fig. 10(c)
and 10(d), when compared with the existing TPS method, the
measured DC-to-DC efficiency is improved from 92.7 % to
94.5 % in the proposed approach.

Fig. 11 further compares the measured efficiency of the
proposed method and the existing TPS method at various
output power levels. Experimental results demonstrate that the
proposed method improves the efficiency across a wide power
range, achieving a maximum improvement of 1.8 %.

V. CONCLUSIONS

In this paper, a primary-side SCC is implemented to en-
hance efficiency for asymmetric LCC-LCC compensated WPT
systems. Based on the analysis of the asymmetric LCC-
LCC network, this paper demonstrates that the existing TPS
method leads to extra reactive power when there are parameter
inconsistencies between the primary and secondary sides. A
variable-capacitance-based control technique is then proposed
to deal with the above limitations. The impact of variable
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Fig. 11. Measured DC-to-DC efficiency of the proposed method and the
existing TPS method at various output power levels.

capacitance on the system characteristics is investigated. More-
over, an optimal capacitor tuning strategy is proposed to
minimize the reactive power. Experimental results show that
the proposed method reduces the primary inductor current
across a wide power range, thus improving the system’s
efficiency.
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