Y

Energy Conversion
_l Circuit Laboratory

Compact Drive Circuit for Capacitive
Wireless Power Transfer System Utilizing
Leakage-Enhanced Transformer

Hee-Su Choi & Sung-Jin Choi

Journal of Electrical Engineering &
Technology

ISSN (Print): 1975-0102
IS5N (Online): 2093-7423

ISSN 1975-0102
Journal of

J. Electr. Eng. Technol. Electrical Engineering& Technology

DOI 10.1007/s42835-018-00005-9

Electric Power Engineering

Optimal Relocating of Compensators for Real-
Reactive Power Management in Distributed Systems
Jagadeeswar Reddy Chintam, V. Geetha and D. Mary
Calculation of Magnetic Field for Cylindrical Stator Coils
in Permanent Magnet Spherical Motor 2145

Hongfeng Li, Zigang Ma, Bing Han, BinLi and Guidan
Comprehensive Model for Wind Power Forecast Error and
its Application in Economic Analysisof Energy Storage
Systems 2158

Yu Huang, Qingshan Xu, Xianglang Jiang, Tong Zhang and
Jiankun Liu

Load Identification Method for ICPT System Utilizing
Harmonics 2168

Chen-Yang Xia, Wen-Ting Zhu, Nian Ma, Ren-Hai Jia and Qiang
Yu

Nonlinear Excitation Control Design of Generator
Based on Multi-objective Feedback 2178

Dengyi Chen, Xiaocong Li and Song Liu

Development of Protection Method for Power System

i ted with Distril ion using
Distance Relay 2787

Ji-S00 Kim, Gyu-Jung Cho, Jin-Sol Song, Jae-Yun Shin,
Dong- Hyun Kim and Chul - Hwan Kim

An Analysis on the Adequate Level of Capacity Price
from a Long-Term Generation Expansion Planning
Perspective : the Case of Korea 2196

@ Springer

@ Springer

Hi Kim, St Lee, Tae Hyun Kim, d
‘Wook Kim

Extended Fault Location Algorithm Using the Estimated
Remote Source Impedance for Parallel Transmission
Lines 2203

Jeong-Hun Ryu and Sang-Hee Kang

Dynamic Equivalent Battery as a Metric to Evaluate the
Demand Response Performance of an EV Fleet 2272
Sung Hyun Yoon, Young Gyu Jin and Yong Tae Yoon
Development of ESS Scheduling Algorithm to Maximize
the Potential Profitability of PV Generation Supplier in
South Korea 2220

Junhyuk Kong, Fauzan Hanif Jufri, Byung O Kang and
Jaesung Jung

Optimal Offer Strategies for Energy Storage System
Integrated Wind Power Producers in the
Day-Ahead Energy and, Regulation Markets 2227
Seungwoo Son, Sini Han, Jae Hyung Roh and Duehee Lee
Evaluation Algorithms for Multiple Function of
Dispersed Electrical Energy Storage Systems 2236

Joon-ho Son, Sung-Sik Choi and Dae-Seok Rho 2245

THE KOREAN INSTITUTE OF ELECTRICAL ENGINEERS



Yy
€l

Energy Conversion
Circuit Laboratory

Your article is protected by copyright and

all rights are held exclusively by The Korean
Institute of Electrical Engineers. This e-offprint
is for personal use only and shall not be self-
archived in electronic repositories. If you wish
to self-archive your article, please use the
accepted manuscript version for posting on
your own website. You may further deposit
the accepted manuscript version in any
repository, provided it is only made publicly
available 12 months after official publication
or later and provided acknowledgement is
given to the original source of publication

and a link is inserted to the published article
on Springer's website. The link must be
accompanied by the following text: "The final
publication is available at link.springer.com”.

@ Springer



@ P

€L
LI Energy Conversion

Goanitabbbidearirical Engineering & Technology

https://doi.org/10.1007/s42835-018-00005-9

ORIGINAL ARTICLE

@ CrossMark

Compact Drive Circuit for Capacitive Wireless Power Transfer System
Utilizing Leakage-Enhanced Transformer

Hee-Su Choi' - Sung-Jin Choi?

Received: 13 May 2018 / Revised: 13 July 2018 / Accepted: 11 November 2018
© The Korean Institute of Electrical Engineers 2019

Abstract

In capacitively-coupled wireless power transmission (C-WPT), drive circuit topologies with various impedance matching
or compensation techniques have been widely investigated in conventional studies, but they tend to increase the circuit com-
plexity and thus offset the simplicity of the energy link structure which is a unique advantage over the inductively-coupled
power transmission. In this paper, through systematic considerations on various matching schemes, a compact drive circuit
with leakage-enhanced transformer is proposed in order to minimize the circuit volume for the capacitive power transfer
system. In the proposed topology, the integrated transformer handles quality factor control as well as reactive compensa-
tion. Consequently, it reduces the number of components, the overall system volume, and the voltage stress of the energy
link capacitor. The optimal design guideline of the leakage-enhanced transformer is also presented. Comparisons with the
conventional method considering the circuit volume and component stress show the advantage of the proposed scheme, and

feasibility of the new topology is verified with 10 W prototype hardware.

Keywords Impedance matching - Wireless power transfer - Magnetic integration - Volume reduction

1 Introduction

Nowadays, wireless power transfer is providing improved
user experience in battery-operated systems due to its charg-
ing convenience and waterproof function [1-5]. While
inductively-coupled power transmission (I-WPT) adopts a
complex coil structure, capacitively-coupled wireless power
transmission (C-WPT) utilizes link capacitors composed
of pairs of conductors as shown in Fig. 1. The energy link
structure is thus simplified, and the system cost can be fur-
ther reduced by removing the coils.

In C-WPT systems, since the capacitance obtainable from
the energy link structure is usually very small and its high
reactance hinders the power flow, impedance matching is
essential for reactance compensation and has been proposed
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in many studies. The simplest method of compensation is
to connect series inductance such as a series resonant net-
work [6] or an LCL compensator [7]. In this case, a large
inductance value is needed because the series inductor com-
pensates for the small capacitive reactance, and the quality
factor of the resonant network becomes large, rendering the
output voltage gain curve too narrow and sharp, while the
voltage stress in the link capacitor increases considerably.
Solve these problems LCLC compensation can address these
drawbacks, but has eight components that need to be added
[8].

Table 1 shows a summary of three recently announced
topologies with a reasonable number of circuit components:

LLC [9], double-side LC [10], and CLC [11] compen-
sation networks. In the table, the input matching network
(IMN) and the output matching network (OMN) denote
the matching circuits in the transmitter and in the receiver,
respectively. In the case of the LLC compensation [9], a
4.2 W was demonstrated with 6.78 MHz high frequency
operation using two separate inductors located in the trans-
mitter and the receiver side. Double-sided LC compensa-
tion [10] was used in the 150 W system to mitigate the low
link capacitance problem. The CLC compensation structure
in [11] is a topology that focuses on reducing the voltage
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Fig. 1 Basic structure of
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Table 1 Conventional impedance matching methods
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stress in the link capacitors in a 1 KW capacitively-coupled
wireless power system. While advantages for conventional
topologies shown in Table 1 have been claimed individu-
ally, no studies have been conducted on the allocation of the
matching network in view of the system volume reduction.

The purpose of this paper is to develop an effective
matching topology that further simplifies the matching
network structure in the C-WPT system. By introducing a
transformer-based matching technique in a well-designed
location, the proposed circuit minimizes the number of com-
ponents required and reduces the volume of the matching
network, which further strengthens the merits of the C-WPT
technology. It should be noted that this topology mainly
focuses on small or medium power applications with the
output power of less than hundreds of watts such as con-

sumer and portable electronic products that strictly require
system volume reduction.

(11]

L,
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This paper consists of six sections. Section 2 discusses
how an effective location for the matching structure is
obtained by shifting its position in the series resonant struc-
ture. Section 3 explains the concept and operation principle
of a leakage-enhanced transformer and presents the optimum
design procedure. Section 4 compares the proposed match-
ing circuit with the conventional matching circuit shown in
Table 1 in terms of volume, loss, and voltage stress. Finally,
in Sect. 5, the 50 W prototype hardware is tested for verifica-
tion, and a conclusion is drawn in Sect. 4.

2 Consideration of Optimum Location
of Impedance Matching

In view of the simplicity of the matching networks, magnetic
transformers are an effective solution because they provide
multiple functions such as impedance transformation or volt-
age gain modification, and they can be easily integrated with
another neighboring inductive component. In order to find
the optimal transformer matching locations, three schemes
were compared as shown in Fig. 2 (a) series inductor match-
ing, (b) input transformer matching with series inductor, and
(c) output transformer matching with series inductor. The
transformer used for the matching is regarded as an ideal
component that has no leakage and no magnetizing induct-
ance, and its turn ratio (N) is larger than unity (Fig. 3).

Generally, it is very important to design the moderate
quality factor in the resonant tank because it determines the
voltage stress in the energy link structure of the C-WPT
system affecting the electrode design and safety. Also, it is
known that the voltage stress of the link capacitor increases
in proportion to the quality factor of the resonant network,
as shown in (1).

= Vpri€- M
In the series inductor compensation scheme shown in
Fig. 2a, a large inductance value is needed because the series

VC stress
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Fig.2 Derivation of the optimum impedance matching. a Series »

inductor matching. b Input transformer matching with series induc-
tor. ¢ Output transformer matching with series inductor. d Matching
scheme equivalent to ¢ basic structure of C-WPT

inductor should compensate the small capacitive reactance,
and the quality factor of the resonant network becomes large.
The output voltage gain curve is therefore too narrow and
sharp, and the voltage stress in the link capacitor increases
considerably. In the input transformer matching scheme in
Fig. 2b, the step-up turn ratio increases the equivalent capaci-
tance seen from the series inductor, and thus decreases the
inductance value required for the compensation. However,
the matching transformer should handle the reactive power
flow, and thus the total volume of the magnetic components
increases.

Furthermore, since the quality factor remains the same as
that in the scheme of Fig. 2a, no improvement in the voltage
stress is observed. In contrast, in the case of the output trans-
former matching scheme shown in Fig. 2c, by the step-down
turn ratio, the quality factor decreases by N2 times, so that the
voltage stress of the link capacitor is lower than that of the
input transformer matching structure. Moreover, the current
and the voltage applied to the matching transformer are almost
in phase, so the magnetic volume is greatly reduced.

Figure 3 shows the magnetic volume comparison of the
impedance compensation schemes, demonstrating that the
output matching transformer scheme has the minimum total
magnetic volume. For ease of comparison, the operating con-
ditions including the link capacitance (Cy;,y 1, Cinke =200 pF),
the output power (P,=5 W [10 V/0.5 A]), and resonant fre-
quency (w,=10 Mrad/s) are kept the same. Notice that the
series inductor in Fig. 2c is the smallest among the three
schemes because the step-down transformer increases the AC
equivalent resistor by N2, which greatly reduces the current
flowing through the series inductor. It is therefore concluded
that the output matching scheme is the best matching location
among them.

In addition, if the series inductor moves to the receiver
side, the equivalent structure in Fig. 2d is obtained. When the
series inductor is integrated with the output matching trans-
former to a single magnetic core, it is possible to implement
an integrated magnetic component called a leakage-enhanced
transformer (LET), where the series inductor is replaced by
a leakage inductance of the LET. It is expected that such a
single component matching scheme will greatly simplifies the
C-WPT system.
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Fig.4 Proposed LET topology. a Proposed topology. b Equivalent
circuit of a [APR]

3 Proposed Topology Structure and LET
Design

3.1 Proposed Topology Structure
Figure 4a shows the proposed topology structure. It com-
prises a special magnetic component called the leakage-

enhanced transformer (LET) as an OMN, whereby it
performs three functions simultaneously: offset the link

@ Springer

capacitance, adjust the voltage gain, and magnify the
effective load impedance. It should be noted that it is not
necessary to use an additional IMN in the transmitter.
Such a LET is constructed from an un-gapped core, where
the leakage inductance can be controlled by the separation
between the transformer windings, while the large magnet-
izing inductance renders the design equation simple.

Figure 4b shows the equivalent circuit with fundamental
harmonic approximation (FHA) to facilitate circuit inter-
pretation. Two link capacitors (Cy;,; and Cy;,,») are equiva-
lently described by Clink and the LET is represented as an
all primary-referenced (APR) transformer model [12]. In this
transformer model, the series and parallel inductance, L, and
L., respectively, slightly differ from the physical leakage
and magnetizing inductance. The effective turn ratio, n.; of
the ideal transformer block TX1 is a multiplication of the
coupling coefficient and physical winding ratio.

kN kN”
My = kN =k~ )

N

R, is an AC equivalent resistor seen from the receiver

input and is calculated from the DC load resistance.

8
Req = ;RL' (3)

With a fundamental sine input and output voltage, V
and V., respectively, the voltage gain formula derived from
the equivalent circuit is

M= Vsec _ l/neﬁ
TV 2’ )
pri 1+Q2[(f/f0)2—1]
where

1

Jom —F—
2r V LrClink (5)

1 L, 1

2 - 2 '
nyReg Cink 27 oMoy Reg Clin

Q:

6)

It is clearly shown that the voltage gain is maximally
equal to 1/n.q, when the switching frequency, f, matches the
series resonant frequency, f,.

3.2 Leakage-Enhanced Transformer Design

The flowchart of the leakage-enhanced transformer is shown
in Fig. 5 and the detailed design process is as follows. It is
assumed that the output voltage V_, input voltage V, the
link capacitance Cy;;,, and the load resistance R; are given.
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Fig.5 Flowchart for the LET design
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Fig.6 Design curve

1. Effective turn ratio (n.q) determination

The design curve of the LET is shown in Fig. 6,
which is the result of calculating the effective turn ratio
by sweeping together f, and the quality factor (6). The
resonant frequency, f,, and the quality factor, Q, should
be carefully chosen. If a higher Q value is chosen, the
capacitor voltage stress (V. ges) increases according to
(7). On the contrary, if the Q value is lower than 1, the fun-
damental harmonic approximation will not be validated.
Meanwhile, selecting switching frequency that is too low
will result in a bulky LET, whereas an excessively high
switching frequency results in increased switching loss
that is limited by driving circuitry and switch devices.
Therefore, the appropriate resonant frequency should be
selected according to the system application.

Side view
Top view
b“ f\xle;nal
> /inding
by /
T T l“ =T TN \
) X X [ \
oo X X
2R IT |
oo X X
: Core Center lag : B
| |
| |
\\ _______ 4 N
sees / dx
2
B e
A

Fig.7 LET structure in EE core

In the design curve in Fig. 6, the effective turn ratio n g is
determined by f, and Q. Subsequently, the voltage stress in the
link capacitor V_ ..., the required series inductance L, and
the root-mean-square current I in the transformer second-
ary winding are calculated using (7-9), respectively.

T

Vc,slress = ZQVs’ (7)
1
L=——,
Qxf,)* Clink ®
V.
pri
Isrms = \/E—R )
Nefliey

2. Core size selection

If the switching frequency (f) is close to the resonant fre-
quency (f,), the transformer core can be selected using the
following area product (A.P) equation.

10*P,
AA

>_———° (10)
o K)‘B maiju‘]rms

where A, is the core cross-sectional area, A, is the wind-
ing area, A, is the wire cross-sectional area, and B,,, is
the maximum magnetic flux density of the core material,
which can be obtained using the Steinmetz equation [13].
K uses the value of 4 as the waveform factor, K, uses the
value of 0.6 as the winding fill factor, and J ,,; uses the value
of 500 A/cm? as the maximum current density in a wire
conductor [14].

3. Number of turns and the separation between windings
First, the minimum and maximum numbers of the second-

ary turns are found from (11) and (12), respectively, from the
core dimension data.

@ Springer
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where A represents the separation between the two windings
in Fig. 7, and is defined by the ratio of s,, to the transformer
h,, as

s
A=-E

e (13)
Incidentally, the leakage inductance formula [12] specifies
the required number of secondary turns according to A by
(14

L
N@) = ) : (14)

e \| (1 + k)u, lg:w (14+2A)%x 1073

where h, and b, are the lengths of the core height and width
in Fig. 7 and |, is the average length of the winding wound
on the core, which can be calculated from (15).

w=2(A+B)+nb,, (15)
The number of turns of the transformer should be selected
by the following constraint equation [15, 16].

< N(A) £ Ngpax- (16)
Since the maximum voltage gain is equal to 1/n. at reso-
nance, the primary number of turns can be found from the
effective turn ratio and the coupling coefficient using (13).
For the initial calculation, it is recommended that the cou-
pling coefficient is assumed to be a value less than 0.99.
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Fig. 10 Experimental results. a Photograph of the hardware. b LET.
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Table 2 Design spec. and measurement results of LET

Core type EI3026S (Samwha)
Design specification
Effective turn ratio (n,g) 1.5
Num. of turns (pri.) 45
Num. of turns (sec.) 30
Winding separation (s,,) 4.39 mm
Wire size (pri. and sec.) 0.06/20 litz
Relative permeability 2400 (PL-7)
Measurement results
Series resonant inductor (L,) 208 uH
Parallel resonant inductor (L,,) 12.59 mH

Transmitter Volume [mm 3]

Conventional

Proposed Method

Minverter M Magnetic Component

Fig. 11 Transmitter volume comparison

By adjusting A, the LET design can be further optimized
considering the loss minimization. The Dowell curve [16]
and the Steinmetz equation [13] can be used to assist the
optimal A design process as shown in the flow chart.

4 Topology Comparison and Analysis

Based on the design procedure presented in Sect. 3, a pro-
totype LET design was developed and the results were
compared with those of another conventional matching
scheme topology shown in Table 1. For fair comparison,
each topology has the same operating conditions: the reso-
nant frequency is set at 300 kHz, the input voltage is 60 V,
the output is 10 W (40 V/0.25 A), and the link capacitor
is 1 nF. The transmitter uses a full bridge inverter and the
receiver uses a diode full-wave rectifier with an output filter,
and the inductors are designed using the loss-optimization
process in the literature [13—16]. Figure 8 shows the result
of comparison considering the total volume and loss in the
magnetic components, and the link capacitor voltage stress.
It can therefore be seen that the proposed LET matching
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occupies about 33% volume of the bulkiest conventional
topology, dissipates only about 38% of loss of the topology
with the highest loss, and generates about 44% of the link
capacitor voltage stress compared with the topology that
has the highest voltage stress. It should be noted that in the
volume and loss analysis, the matching capacitors existing
in the conventional topologies were not considered since the
proposed topology does not require the capacitor compo-
nents, and thus it is clear that more actual volume reduction
can be achieved.

Simulation was performed to verify the proposed topol-
ogy. The target output power (P,) is 10 W, the load resistance
(Rp) is 160 € (40 V/0.25 A), the effective link capacitor
(Cjinr) connecting the transmitter and receiver is 1 nF and
the input voltage (V) is 60 V. In the LET design process,
the coupling coefficient is assumed to be 0.99. According to
the design procedure in Sect. 3 with M=1/1.5 (n.s=1.5),
f,=300 kHz, and Q=1.46, L, is obtained as 281.44 pH.
Based on these design parameters, the PSIM simulation
waveforms are plotted in Fig. 9. The simulation was con-
ducted assuming all switch components were ideal.

Figure 10a shows a photograph of the prototype hard-
ware. For the full-bridge inverter and the full-wave recti-
fier, MOSFET (Cree, C3M0065090D) and diode (Cree,
C3D16060D) were adopted, respectively. Each of the link
capacitors are composed of two copper plates with 500 mm
by 500 mm in the lateral dimension. The spacing between
the two copper plates is 3 mm, and glass is used as the spac-
ing material. Consequently, Cy;,,; was 2.11 nF and Cj;;,»
was 2.01 nF. LET was constructed on a EI3026S core as
shown in Fig. 10b. Table 2 shows the transformer design
and measurement results of the LET, where all transformer
parameters have been measured with an LCR meter (Agi-
lent 4263B). Figure 10c shows input and output voltage and
current waveform. Figure 10d shows hardware waveforms
and Fig. 10e is a magnified view of Fig. 10d. In the figure,
the small sub-harmonic oscillations are observed, which
is caused by the resonance of the parasitic inductor in the
lead wire of link capacitor and the parasitic capacitor of
the LET. The resonant frequency was 379 kHz, which is
slightly higher than the designed value. This is because the
value of the actual resonant inductor L, is smaller than that
calculated, and the resonant frequency therefore needs to
be slightly adjusted. The overall efficiency of the system is
about 79% at the target power of 10 W.

Figure 11 shows a transmitter volume comparison with
conventional method. The conventional method used the
Ref. [9] because the topology of the proposed topology con-
sists of the most similar form except for the transformer. The
y axis of the graph indicates the transmitter volume, blue
indicates the inverter, and red indicates the volume of the
magnetic component. As a result, in case of using the same
inverter, the proposed method has the advantage of reducing

@ Springer

the volume of Magnetic, which occupied about 23% of the
volume of the transmitter, to 10%.

5 Conclusion

This paper proposes a compact drive circuit in which no
passive components are used in the transmitter side and
only one magnetic component is used in the receiver side
of C-WPT system. Compared to other conventional topolo-
gies, the proposed compact matching network has outstand-
ing advantages including system simplicity, reduced circuit
volume, low voltage stress, and appropriate resonant quality
factor. The proposed topology is expected to be very useful
for low or medium-powered wireless charging applications
with restricted volume and cost requirements.
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