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Abstract: Growth of the Internet of Things (IoT) spurs need for new ways of delivering power.
Wireless power transfer (WPT) has come into the spotlight from both academia and industry as a
promising way to power the IoT devices. As one of the well-known WPT techniques, the capacitive
power transfer (CPT) has the merit of low electromagnetic radiation and amenability of combined
power and data transfer over a capacitive interface. However, applying the CPT to the IoT devices is
still challenging in reality. One of the major issues is due to the small capacitance of the capacitive
interface, which results in low efficiency of the power transfer. To tackle this problem, we present a
new step-up single-switch quasi-resonant (SSQR) converter for the CPT system. To enhance the CPT
efficiency, the proposed converter is designed to operate at low frequency and drive small current
into the capacitive interfaces. In addition, by eliminating resistor-capacitor-diode (RCD) snubber in
the converter, we reduce the implementation cost of the CPT system. Based on intensive experimental
work with a CPT system prototype that supports maximum 50 W (100 V/0.5 A) power transfer,
we demonstrate the functional correctness of the converter that achieves up to 93% efficiency.

Keywords: capacitive wireless power transfer; single-switch quasi-resonant converter; wireless
power transfer efficiency; low cost power transfer

1. Introduction

The rise of the Internet of Things (IoT) has been undergoing a paradigm shift on powering
electronic devices. Traditional power transfers based on wired connection or battery replacement
have hit a roadblock to support IoT devices that basically operate with tiny capacity batteries and
are distributed everywhere. For example, sensor nodes in an IoT wireless sensor network cannot be
deployed in hard-to-reach places where wiring is infeasible, batteries cannot be replaced or the need to
replace the battery becomes very inconvenient. To overcome the drawback of the traditional power
transfer systems, wireless power transfer (WPT) systems have been proposed. Expected to liberate the
IoT devices from being wired or replacing batteries, the WPT systems have been receiving considerable
interest from both academia and industry as the best-suited technique to power the IoT devices [1,2].

According to the coupling method used in the WTP system, the WTP system can be classified into
two types: inductive power transfer (IPT) and capacitive power transfer (CPT). The IPT is based on
magnetic coupling between the winding coils, namely this technique uses the magnetic field to transfer
power via air between resonators composed of the isolated windings [1,3,4]. On the other hand,
the CPT is based on electric coupling between two metal plates, so that it uses electric field to transfer
power through physical isolation barrier that utilizes the capacitance of capacitive interface [5–12].
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Since the possible power transmission distance from the IPT is commonly longer than that of
the CPT, the IPT seems to be predominantly used in WTP systems. However, the CPT systems have
many important benefits that they are cheaper to implement, less vulnerable to metal barriers and
electromagnetic interference (EMI), and more flexible with alignment than IPT systems [12]. Thanks to
these advantages, the CPT systems have been adopted to various applications, such as biomedical
microsystem [5], robot [13], and portable respiratory devices [14], rotating device [15,16] and so forth.

However, applying the CPT system to IoT devices is still challenging, mainly due to its low
efficiency of the power transfer (i.e., scaling down the CPT systems to support small IoT devices
operating with tiny capacity batteries is another challenging issue. This is, however, out of scope in this
paper.) Because the primary concern of IoT devices has become energy efficiency [17], the low efficient
CPT systems cannot be compromised with IoT devices. Therefore, it is strongly required to find
solutions to enhance the efficiency of the CPT systems, which is the main objective of this paper. To do
that, we perform an analysis in advance why the CPT systems lose efficiency. As a significant amount
of power is dissipated from DC-DC converters in many other systems (e.g., multicore platforms [18,19],
smartphones [20,21], and display systems [22]), the CPT converter in the CPT system is the main
power consumer. Since the capacitance of the capacitive interface is limited by area availability of
devices or systems, it is normally difficult to obtain the high capacitance of the capacitive interface [23].
The small capacitance of the capacitive interface requires an equipped CPT converter to operate at
high resonant frequency, which results in significant increase of switching power loss. In addition,
the small capacitance of the capacitive interface causes high equivalent series resistance (ESR) of the
interface, which considerably increases conduction power loss. As a result, total power loss of the
CPT converter results in critical efficiency degradation. More detailed elucidation regarding to this
mechanism will be provided in Section 2.

To minimize the power loss of the CPT converter and improve the efficiency of the CPT system,
we propose a new step-up single-switch quasi-resonant (SSQR) converter. The proposed SSQR
converter is designed to operate at low frequency so as to reduce the switching power loss, and to
decrease the driving current into the capacitive interface in order to lessen the conduction power
loss. In addition, we get rid of resistor-capacitor-diode (RCD) snubber in the converter, which results
in retrenching implementation cost of the converter. Finally, a 50 W (100 V/0.5 A) prototype of the
CPT system with the proposed SSQR converter is built to demonstrate the functional correctness and
efficiency enhancement of the CPT system. To show the characteristics of the capacitive interface
compared to film capacitors, the capacitive interface and a film capacitor are used as the resonant
capacitor in the prototype system. The detailed analysis is performed with the prototype, which also
takes consideration into the parasitic components of the system. From the intensive experimental
work, the result shows that the proposed CPT system achieves the maximum efficiency of 93.93% at
20% load condition.

The remainder of this paper is organized as follows. Section 2 provides in-depth analysis of the
CPT systems including its power loss mechanism. Section 3 presents the details of the proposed SSQR
converter design. Sections 4 and 5 are dedicated for the experimental works that include operational
analysis and experimental results based on the prototype development. Section 6 concludes the paper.

2. Analysis of CPT Systems

Since CPT converters in CPT systems exploit the capacitive interface to transfer power without
wires and connectors, the capacitive interface is a core component of a CPT system. In general,
the capacitance of the capacitive interface can be expressed as follows:

CI1 = CI2 =
A · ε0 · εr

d
, (1)

where CI1 and CI2 indicate the capacitances of two pairs of primary and secondary coupling
plates (capacitive interfaces) [8,24]; A, ε0, εr, and d denote the area of the capacitive interface,
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dielectric constant, relative dielectric constant, and distance between metal plates, respectively.
CI1 and CI2 strongly affect the efficiency of a CPT converter, in that the higher CI1 and CI2 are
preferred to design a high efficiency converter in a CPT system. From Equation (1), it is obvious that
the capacitance of the capacitive interface is directly affected by A. Unfortunately, A is limited by the
available form factor of CPT systems. This is why a number of CPT systems report that CI1 and CI2 are
in the order of a few hundred picofarad or a few nanofarad [10,14,16,24]. For example, the capacitance
between metal plates with a 1/4 mm air gap in [23] is only 3.5 pF/cm2. Figure 1 shows the series
LC tank in a CPT system that is composed of Lr, CI1 and CI2, where Lr is a resonant inductor that is
inserted in series into the capacitive interface to compensate its reactance.

Meanwhile, the capacitive interface suffers from a voltage stress (VCI1 for the primary interface
and VCI2 for the secondary interface) that may be expressed as:

VCI1 =
ICI

2π · fr · CI1
and VCI2 =

ICI
2π · fr · CI2

, (2)

where ICI and fr are the capacitive interface current and the resonant frequency, respectively. In general,
the capacitive interface has a strict breakdown limit of the voltage stress. From Equation (2),
designing fr and CI1 (CI2) to be high, but ICI to be small is required in order not to exceed the
breakdown limit. However, setting higher fr results in the increase of switching power loss and the
need to use higher Lr. Instead of rising fr, it should be better to increase CI1 (CI2) and/or decrease ICI ,
which derives VCI1 (VCI12) reduction.

Lr CI1

CI2

VCI1

VCI2

ICI

Figure 1. Capacitances of capacitive interface and series LC resonant tank in the CPT system.

From Equation (1), increasing A may be the easiest way to increase CI1 (CI2). However, the bigger
the size of CPT system is, the less versatile it will be. Instead, enhancing dielectric materials such as
barium titanate (BaTiO3), lead zirconium titanate (PZT), and polyethylene terephthalate (PET) can be
used between the metal plates to increase CI1 (CI2). Unfortunately, such dielectric materials have high
dielectric loss tangent tanδ, a.k.a. dissipation factor, which increases the equivalent series resistance
(ESR) of the capacitive interface RCI1 and RCI2. RCI1 and RCI2 is described in Figure 2a and can be
expressed as [25]:

RCI1 = RCI2 =
tanδ

ω · CI1
=

tanδ

ω · CI2
, (3)

where ω = 2π fr. The increased RCI1 and RCI2 generates more power loss (thereby more heat) in the
capacitive interface, which is undesirable.

CI1

CI2

RCI1

RCI2
VCI_in

ICI Ceq RCI

VCI_in

ICI

(a) (b)

Figure 2. (a) capacitive interface and (b) its equivalent circuit in the CPT system.
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The difficulty to increase capacitance of the capacitive interface due to the technical and spacial
limits induces inevitable power loss in the CPT system. The low capacitance of the interface increases
fr, thereby switching power loss increases. In addition, the low capacitance of the interface induces
the high ESR, that, in turn, increases conduction power loss. More precisely, the switching power loss
is linearly proportional to fr that can be formed:

fr =
1

2π
√

Lr · Ceq
, (4)

where Ceq (= CI1||CI2) is the equivalent capacitance of the interface. The conduction loss is
linearly proportional to the equivalent resistance Req (=RCI1 + RCI2) and square proportional to ICI .
From Equation (3), Req increases with lowering CI1 and CI2. For reference, Ceq and Req are presented
in Figure 2b. In addition, we notice that lowering ICI are helpful for not only reducing the voltage
stress from Equation (2), but also save power from the conduction loss, i.e., by intuition, ICI can be
decreased by increasing the input voltage of the capacitive interface VCI_in. Therefore, we focus on
both fr and ICI as an optimization objective in the CPT system. The proposed CPT converter design in
the following sections shows our achievement.

3. Step-Up Single-Switch Quasi-Resonant Converter for CPT Systems

The driving circuit topologies of the CPT system are generally classified into three types:
(i) full-bridge (or half-bridge) inverter [8,9]; (ii) push–pull converter [13,24]; and (iii) single-switch
topology with an AC coupling capacitor (Sepic, Zeta, Cuk, and buck-boost converters) [10]. Except for
the single-switch topology with an coupling capacitor, full-bridge rectifiers are normally required as
a rectifier circuit in the driving circuits. For low cost and high efficient CTP systems, the best-suit
driving circuit type may be the single-switch topology with AC coupling capacitor, owing to its
superiority in the less number of electric components and less power loss compared to the others.
However, as aforementioned, this topology requires relatively large equivalent capacitance Ceq for the
low-frequency operation, which may result in still low efficiency of the power transfer.

To improve the efficiency of the single-switch topology with an AC coupling capacitor, we focus
on a type of single-switch quasi-resonant (SSQR) converter. In general, the SSQR converter is composed
of a switch Q1, a transformer T1, a resonant capacitor Cr, a resistive-capacitor-diode (RCD) snubber,
two diodes D1 and D2, and an output filter CO. Figure 3a shows the representative schematic of a
step-down (buck) SSQR converter [26]. Thanks to the quasi-resonant operation, the SSQR converter
reduces the turn-on and turn-off loss from Q1 and alleviates the reverse-recovery losses from D1

and D2. The RCD snubber is used on the primary side to suppress the high voltage spike of Q1

caused by the leakage inductance of T1 and the high input voltage VIN at the switch turn-off transition.
Especially in [26], two expensive multi-layer ceramic capacitor (MLCC) resonant capacitors with high
capacitance of 22 µF are used for Cr in the secondary side, in order for low fr.

VIN

Q1

D1

D2

RLCO

CI1

CI2

T1 (1:n)

VIN

Q1

D1

D2

RLCO

CrT1 (n:1)

RS CS

DS

(a) (b)

Figure 3. Schematics of the (a) step-down and (b) step-up single-switch quasi-resonant converter with
a resonant capacitor.
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Since the voltage stress of D1 and D2 is clamped to the output voltage VO, the SSQR converter is
especially good at step-up (boost) applications. We thus design a step-up SSQR converter for the CPT
system, wherein the capacitive interface is used for Cr. The schematic of the proposed converter is
shown in Figure 3b. This converter operates with small Ceq at low fr, and drives small ICI . Since the
voltage overshoot at the switch turn-off transition is within a maximum drain-source voltage rating of
Q1, we eliminate the RCD snubber, thereby saving power. As a result, the step-up SSQR converter
transfers power through the capacitive interface with high efficiency.

The proposed step-up SSQR converter is analyzed by taking account for the primary and
secondary leakage inductances of T1, Llk1 and Llk2, respectively, the output capacitor Coss and the
internal anti-parallel diodes of the switch Q1, and the junction capacitor Cj of D1 and D2 in detail.
Figure 4 shows the schematics of the proposed SSQR converter to be analyzed. The validity of the
step-up SSQR converter has been verified on a prototype that supports up to 50 W (100 V/0.5 A) power
transfer. To show the characteristics of the capacitive interface, the capacitive interface for CPT systems
and a film capacitor for general converters are investigated as a resonant capacitor in the proposed
step-up SSQR converter. The results of the analysis and comparison of both capacitive interface and a
film capacitor based step-up SSQR converters will be provided in Section 5.

V0

VIN

Coss

Figure 4. Current and voltage analysis of the proposed SSQR converter.

3.1. Low Resonant Frequency

By turning on the switch Q1 in Figure 4, power is transferred from a voltage source to a load.
Then, the resonant current flows through T1, Q1, Ceq, D2 (not D1) and the load. The components in
the secondary side of T1 can be transformed into their equivalences in the primary side by using the
turn ratio n of T1. More precisely, the equivalence of the secondary leakage inductance Llk2 on the
primary side is almost equal to the primary leakage inductance Llk1, thus the leakage inductance
Llk equals Llk1 = Llk2. The equivalent capacitance Ceq of the capacitive interface is multiplied by n2.
The transformed schematics is shown in Figure 5a. As a result, the step-up turn ratio n of the SSQR
converter makes the small equivalent capacitance Ceq of the capacitive interface look very large in the
primary side, which results in the low resonant frequency fr.

Llk

Lm RL /n2

Llk n2Ceq

VIN
VIN Lm

Lm+Llk
RL /n2

(Lm||Llk)+Llk n2Ceq

VIN RL /n2

2Llk n2Ceq

(a) (b) (c)

Figure 5. Steps to develop the equivalent circuit of the proposed SSQR converter in Figure 4, when the
switch is turned on: (a) first, apply Llk = Llk1 = Llk2, n2Ceq, and RL/n2; (b) next, merge Lm and Llk to
a single inductor; and finally (c) take account of Lm � Llk.

Meanwhile, if the magnetizing inductance Lm is much larger than Llk, the equivalent circuit in
Figure 5a can be further simplified to the equivalent circuits as seen in Figure 5b,c. The input voltage
and the resonant inductance of the resonant tank can be expressed as:
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Lm ·VIN
Lm+Llk

' VIN ,

(Lm||Llk) + Llk =
Lm ·Llk

Lm+Llk
+ Llk ' 2Llk,

 (if Lm � Llk). (5)

From Equation (4), fr of the resonant tank of the proposed converter now can be reformulated to:

fr =
1

2π
√

2Llk · n2 · Ceq

=
1

2π · n
√

2Llk · Ceq
. (6)

Thanks to the low fr, the step-up SSQR converter operates at a low switching frequency,
thereby switching power loss should be reduced.

3.2. Low Capacitive Interface Current

Owing to the step-up turn ratio n of the transformer T1, the step-up SSQR converter powers the
capacitive interface with low current and high voltage. The conduction power loss (a.k.a. I2R loss) of
the capacitive interface is proportional to the square of the current but proportional to the ESR of the
capacitive interface. Therefore, the effect of the the ESR increase due to the low fr (cf. from Equation (3))
to the conduction power loss can be canceled out from decreasing the capacitive interface current.
Alternatively, the conduction loss can be further reduced by decreasing the capacitive interface current
more aggressively, so that the step-up SSQR converter can transfer power through the capacitive
interface with high efficiency.

3.3. Elimination of the RCD Snubber

The voltage overshoot occurs at the switch turn-off transition of the SSQR converter. When Q1

is turned off, the resonant current flows through the transformer, the output capacitor Coss of the
switch Q1, Ceq, and diode D1 (not D2). Since this transition is very short, a function of the voltage
across the equivalent capacitor for a certain time t, VCeq(t) can be treated as the voltage at t = 0,
VCeq(0). Like what we performed the simplification in Figure 5 by assuming Lm � Llk, here we also
can simplify the schematic of the SSQR converter when the switch is turned off to Figure 6. Due to
the quasi-resonant operation, the primary leakage inductor current iLlk1(t) and the secondary leakage
inductor current iLlk2(t) are low at the switch turn-off transition (cf. Figure 4). Therefore, the initial
values of the leakage inductor currents are low. Plus, the step-up SSQR converter has the low VIN
that is lower than VO. Moreover, for the primary side of the transformer, VCeq(0) and Llk may look
small, due to the step-up turn ratio n. As a consequence, the voltage overshoot at the switch turn-off
transition is within the maximum drain-source voltage rating of Q1. We thus get rid of the RCD
snubber, that, in turn, eliminates the corresponding power loss of the SSQR converter and reduces the
number of components in the converter.

VIN

Llk Llk

VCeq(0)
n1

Coss

Figure 6. Equivalent circuit of the proposed SSQR converter when the switch is turned off.

3.4. Low Component Counts

The CPT converters are conventionally composed of a full-bridge inverter, a resonant inductor,
capacitive interface, a full-bridge rectifier, and an output filter. Namely, at least four switches and four
diodes are necessary to implement such converters. On the other hand, the proposed SSQR converter
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requires only a single switch and two diodes as semiconductor components. Therefore, the proposed
converter has an edge in cost competitiveness compared to the conventional CPT converters.

4. Operational Analysis

The proposed SSQR converter has several operational modes in one switching cycle, which can be
divided into eight modes according to time t. These eight operational modes are described in Figure 7.
The characteristic waveforms corresponding to the eight operational modes are depicted in Figure 8.
To facilitate the operational analysis with minimum loss of generality, we assume that (i) a switch Q1 is
ideal except for the inherent output capacitor Coss and the internal anti-parallel diodes; (ii) two rectifier
diodes are ideal except for the junction capacitors Cj; and (iii) input voltage VIN and output voltage
VO are constant. Note that, in Section 5, the measured result of the operational modes with a prototype
will be provided in detail.

VIN

Llk1

Q1

Lm D1

D2

RLCO

Llk2

Ceq

1:n

VIN

Llk1

Q1

Lm D1

D2

RLCO

Llk2

Ceq

1:n

VIN

Llk1

Q1

Lm D1

D2

RLCO

Llk2

Ceq

1:n1

VIN

Llk1

Q1

Lm D1

D2

RLCO

Llk2

Ceq

1:n1

VIN

Llk1

Q1

Lm D1

D2

RLCO

Llk2

Ceq

1:n1

VIN

Llk1

Q1

Lm D1

D2

RLCO

Llk2

Ceq

1:n1

VIN

Llk1

Q1

Lm D1

D2

CO

Llk2

Ceq

1:n1

RL

VIN

Llk1

Q1

Lm D1

D2

CO

Llk2

Ceq

1:n

RL

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7. Operational analysis at t: (a) Mode 1 (t0 < t ≤ t1); (b) Mode 2 (t1 < t ≤ t2); (c) Mode 3
(t2 < t ≤ t3); (d) Mode 4 (t3 < t ≤ t4); (e) Mode 5 (t4 < t ≤ t5); (f) Mode 6 (t5 < t ≤ t6); (g) Mode 7
(t6 < t ≤ t7); and (h) Mode 8 (t7 < t ≤ t8).

Before Mode 1 (t ≤ t0) [Figure 7h]: Before t0, the switch Q1 and the diode D1 in Figure 4 are
turned on. The current flows through the transformer, the output capacitor Coss of Q1, the equivalent
capacitance Ceq, and D1. The inductances of the transformer resonates with the Coss. At the same time,
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the VCeq(t) is applied to the transformer, and then the transformer is reset and VCeq(t) starts to increase.
As a result, the voltage across the switch VDS(t) increases with VCeq(t) and resonates with inductances
of the transformer. The primary leakage inductor current iLlk1(t) is almost zero.

Figure 8. Characteristic waveforms of the proposed SSQR converter for step-up gain.

Mode 1 (t0 < t ≤ t1) [Figure 7a]: This mode begins when Q1 turns on. The current flows through
the transformer, Q1, Ceq, and D1. The inductances of the transformer resonates with the Ceq. The iLlk1(t)
and iLlk2(t) increase according to the quasi-resonant operation. The step-up SSQR converter achieves
the quasi-resonant zero-voltage-switching (QR-ZVS). The relation with the currents of the transformer
can be expressed as:

iLlk1(t) = iLm(t) + n · iLlk2(t). (7)

When iLlk1(t) meets the magnetizing inductor current iLm(t), the iLlk2(t) becomes zero. At this time,
Mode 1 ends.

Mode 2 (t1 < t ≤ t2) [Figure 7b]: At t1, iLlk2(t) changes its direction from negative to positive.
D1 turns off. Cj of D1 is charged up and Cj of D2 is discharged. As a result, the voltage across D1,
VD1(t), increases from zero to VO and the voltage across D2, VD2(t), increases from −VO to zero.
D2 turns on at t2, and Mode 2 ends.

Mode 3 (t2 < t ≤ t3) [Figure 7c]: When D2 turns on, the resonant current flows through the
transformer, Q1, Ceq, D2, and the load. The difference between iLlk1(t) and iLm(t) is transferred to the
load. When iLlk1(t) meets iLm(t) again, iLlk2(t) changes its direction from positive to negative at t3.
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Mode 4 (t3 < t ≤ t4) [Figure 7d]: When iLlk2(t) becomes negative, D2 turns off. Cj of D2 starts
to be charged up and Cj of D1 is to be discharged. As a result, VD2(t) decreases from zero to −VO,
and the VD1(t) decreases from VO to zero. D1 turns on at t4, and Mode 4 ends.

Mode 5 (t4 < t ≤ t5) [Figure 7e]: When D1 turns on, the current flows through the transformer,
Q1, Ceq, and D1. After iLlk1(t) meets iLm(t) again, iLlk1(t) goes low. At t5, Q1 turns off.

Mode 6 (t5 < t ≤ t6) [Figure 7f]: When Q1 is turned off, Coss resonates with the inductances of
the transformer. The resonance makes VDS(t) increase and decrease. At this time, iLlk1(t) changes its
direction from positive to negative. When VDS(t) decrease to zero, Mode 6 ends.

Mode 7 (t6 < t ≤ t7) [Figure 7g]: When VDS(t) decrease to zero, the internal anti-parallel diodes
of Q1 is turned on. The current flows through the transformer, the internal anti-parallel diodes of
Q1, Ceq, and D1. VCeq(t) is applied to the transformer, and then the transformer is reset and VCeq(t) is
to be increased. The inductances of the transformer resonates with Ceq. When iLlk1(t) becomes zero,
Mode 7 ends.

Mode 8 (t7 < t ≤ t8) [Figure 7h]: When iLlk1(t) becomes zero at t7, the current flows through
the transformer, Coss, Ceq, and D1. Since VCeq(t) is applied to the transformer, the transformer is still
reset. VCeq(t) then increases. At the same time, the inductances of the transformer resonates with Coss.
Consequently, VDS(t) increases with VCeq(t) and resonates with inductances of the transformer.

5. Experimental Results

To verify the feasibility of the step-up SSQR converter with the capacitive interface, a prototype
SSQR converter has been built with the following specifications: the maximum transferrable
power = 50 W (100 V/0.5 A), VIN = 24 V, and VO = 100 V. A picture of the prototype converter
is shown in Figure 9, and the components used in the prototype are listed up in Table 1. Note that the
tolerance on the capacitances and inductances in the table are less than 10%. To make the capacitance
of the small size capacitive interface high, we have used the lead zirconium titanate (PZT) for the
dielectric material between the two electrodes, as seen in Figure 9. As aforementioned in Section 2,
Ceq is half the capacitance of the two capacitors CI1 and CI2. The capacitive interface is composed of
four electrodes and two PZT plates (width: 30 mm, length: 70 mm, and thickness: 1 mm). Note that
these PZT plates represent the two capacitors in Figure 3b. Meanwhile, the amount of power transfer
that the current prototype supports may be much larger than the power demand from small IoT
devices operating with tiny capacity batteries (e.g., IoT sensor nodes). Due to the implementation
difficulty of CPT systems being suitable for such small IoT devices (i.e., chip-level implementation and
measurement techniques may be necessary), we focus on demonstrating the feasibility of the proposed
converter design implemented with the board-level (relatively large) CPT prototype. As a pioneer
design, the proposed CPT converter can be exploited and scaled down to develop high efficient CPT
systems that are appropriate for the small IoT devices.

Figure 9. The prototype of the proposed SSQR converter including the capacitive interface made of
lead zirconium titanate (PZT).
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Table 1. Component list.

Symbol Description Value/Part Name

Q1 Switch FDP18N50
T1 Transformer EER2828
n Turn ratio 3.4 (NS/NP = 34/10)

Llk1 Primary inductance 6.06 µH
Llk2 Secondary inductance 58.47 µH
LLm Magnetizing inductance 82.53 µH
PZT Lead zirconium titanate PI PIC151 (εr = 2400, 30 mm × 70 mm × 1 mm)
CI1 Capacitance of the capacitive interface 1 20 nF
CI2 Capacitance of the capacitive interface 2 20 nF
Ceq Equivalent capacitance of the capacitive interface 10 nF

D1 and D2 Diodes MBRF20H150CTG

Figure 10 shows the resulting waveforms of the gate signal VGS1(t), the primary leakage
inductor current iLlk1(t), the voltage across a switch VDS(t), and the voltage across interface 1 VCI2(t).
The laboratory prototype SSQR converter utilizes the resonance between the transformer T1 and the
capacitive interface CI1 and CI2 during the switch conducting interval DTS. The resonant operation
is started and finished in DTS. When the switch is turned on, the primary leakage inductor current
iLlk1(t) is almost zero. For this reason, the turned-on loss of the switch is very low. Since the resonant
operation shapes the current sinusoidal, and the primary leakage inductor current iLlk1(t) is low when
the switch is turned off, the turn-off loss of the switch is reduced. To regulate the output voltage VO,
a PWM control has been used for different load conditions.

To show the characteristics of the capacitive interface, the film capacitor Cr, instead of the
capacitive interface, has been also used during the experimental work, as the resonant capacitor
in the proposed step-up SSQR converter. Then, we have measured the resulting efficiency of the
converter for each case and have performed comparison. When the film capacitor is used, the operation
of the prototype converter results in the similar switching frequency fS and duty ratio D to those
from the prototype converter with the capacitive interface. Therefore, the waveforms in Figure 11
look similar to the waveforms in Figure 10. As shown in Figure 12, the efficiency of the step-up
SSQR converter with the film capacitor for 20%, 50%, and 100% load conditions are 95.52%, 95.28%,
and 91.44%, respectively. On the other hand, when the capacitive interface is applied instead of the film
capacitor, the efficiency of the step-up SSQR converter is reduced as seen in Figure 12. This efficiency
degradation may be resulted from the high ESRs of the capacitive interface. Although the step-up turn
ratio n of the transformer enables the capacitive interface to drive relatively low current, increasing
load current may induce the higher conduction loss due to the high ESRs of the capacitive interface.
The rising conduction loss according to increasing load current can result in more heat generation.
In other words, the temperature of the capacitive interface may increase as the the load current
increases, which is shown in Figure 13. However, the advantages of the proposed SSQR converter far
outweigh the disadvantages, in that it still achieves the high efficiency at normal operating conditions
with less number of components than the traditional CPT converters. For example, Table 2 shows
the comparison results between our proposed method and other methods to achieve the maximum
efficiency of a CPT system.
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(a) (b)

(c)

Figure 10. Experimental waveforms of gate signal VGS1(t), primary leakage inductor current iLlk1(t),
voltage across a switch VDS(t), and voltage across interface 1 VCI1(t), when (a) 20%; (b) 50%; and
(c) 100% load is applied.

Figure 11. Experimental waveforms of VGS1(t), iLlk1(t), VDS(t), and VCI1(t), when 50% load is applied.
A film capacitor is used in this case.
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Figure 12. Measured efficiency according to various load conditions: the efficiency is measured from
the prototype converter that equips the film capacitor or the capacitive interface.

Figure 13. Measured temperature of the capacitive interface under various load conditions.

Table 2. Comparison between our proposed method and other methods.

Max. Transferred Power (W) Size (mm2) Max. Efficiency (%) Source of the Method

3.8 60 × 100 83 [23]

23 unreported 80 [8]

260 100 × 200 79 [27]

50 30 × 70 93 the proposed

6. Conclusions

Conventional CPT converters that transfer power through the capacitive interface have drawbacks
that their efficiencies are quite low, and their implementation costs are expensive due to the high
component count. More precisely, the most CPT converters suffer from the small capacitance of the
capacitive interface, which makes the CPT converters operate at high resonant frequency (thereby
switching loss is increased) and have high ESR (thereby conduction loss is increased), finally operating
with low efficiency. In addition, a single CPT converter requires a full-bridge inverter, a resonant
inductor, capacitive interface, a full-bridge rectifier, and an output filter, thus the implementation cost
is nothing to sneeze at.
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In this paper, a high-efficiency and cost-effective step-up SSQR converter is proposed for CPT.
The capacitive interface is used as the resonant capacitor of the SSQR converter for low component
counts in CPT applications. The proposed SSQR converter operates with low operating frequency
(thereby switching loss is decreased) and achieves the minimum driving current that flows into the
capacitive interface (thereby conduction loss is decreased). Plus, the proposed SSQR converter gets
rid of an RCD snubber that is unnecessary for step-up operation, which results in power saving as
well as implementation cost reduction. The validity of the step-up SSQR converter has been verified
in the prototype system. For fair comparison, the capacitive interface as well as the film capacitor is
used as the resonant capacitor in the proposed converter. According to the intensive and comparative
experimental work based on the prototype, the proposed step-up SSQR converter demonstrates
its superiority for CPT systems, in that it achieves high efficiency with the less component count
thanks to the low resonant frequency, the low capacitive interface current, and the elimination of RCD
snubber. The experimental results show that the maximum efficiency of 93.93% is achieved at 20%
load condition.
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