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Abstract—In this paper, a novel long-distance wireless power
transfer (WPT) system using repeater coils is proposed to provide
power supplies for the driver circuits in high-voltage applications,
such as flexible alternative current transmission systems. Different
from most of the existing wireless repeater systems where the load is
only connected to the last coil and the repeater coils function solely
as power relays, in the proposed system, multiple loads are powered
by the repeaters. The repeater coils transfer power not only to the
subsequent coils but also to the loads connected to them. Dual coil
design is proposed for the repeaters with which load-independent
characteristics are obtained with a suitable design of coupling
coefficients. As a result, the load power can be easily adjusted with-
out affecting each other. Load current characteristics and system
efficiency have been analyzed in detail. The power transfer capa-
bility of the proposed system is illustrated for different coil quality
factors and coupling coefficients. An experimental setup with
10 loads has been built to validate the effectiveness of the pro-
posed long-distance WPT system. The maximum reachable system
efficiency is about 84%.

Index Terms—Constant current characteristics, dual coil design,
load independent, long distance, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology has at-
tracted more and more attention in both the academia

and industry [1]–[5]. Usually, the power transfer distance is lim-
ited by the coil dimension in the WPT system. This is because
the coupling coefficient between the transmitting and receiving
coils decreases dramatically with a larger distance, and con-
sequently the efficiency and power will significantly drop [6].

Manuscript received August 7, 2018; revised October 17, 2018; accepted
November 26, 2018. Date of publication December 12, 2018; date of current
version June 10, 2019. This work was supported by Global Energy Intercon-
nection Research Institute Co., Ltd., under Grant GEIRI-DL-71-17-011 (State
Grid Sci & Tech project: Research on the Magnetic-Resonant Wireless Power
Transfer Technology for the High-Voltage Converter Valve in FACTS). Recom-
mended for publication by Associate Editor D. Qiu. (Corresponding author:
Chunting Chris Mi.)

C. Cheng, F. Lu, C. Zhu, H. Zhang, and C. C. Mi are with the San
Diego State University, San Diego, CA 92182 USA (e-mail:, cheng.cwen@
gmail.com; fei.lu@drexel.edu; chong.zhu@sdsu.edu; hua.zhang@drexel.edu;
mi@ieee.org).

Z. Zhou, W. Li, and Z. Deng are with the State Key Laboratory of
Advanced Power Transmission Technology (Global Energy Interconnection
Research Institute), Changping District, Beijing 102211, China (e-mail:,
zhouzhe@geiri.sgcc.com.cn; lwgmb90549@sina.com; iphone21@sina.com).

X. Chen is with the Global Energy Interconnection Research Institute North
America, San Jose, CA 95134 USA (e-mail:,xi.chen@geirina.net).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2886329

In order to obtain an efficient power transfer over a long dis-
tance, repeater coils were used [7], [8]. Moreover, the energy
transfer path can be modified by adjusting the angles of the re-
peater coils [9]. In [10], it shows that the maximum efficiency
will slightly shift away from the resonant frequency due to
the cross coupling between nonadjacent coils. The influence of
repeater coils on the system efficiency was analyzed in [11].
Lee et al. [12] pointed out that the use of a repeater coil can
improve the stability of the system efficiency without resulting
in the frequency splitting. The repeater coils can also be used
as impedance matching circuits in case the coupling coefficient
between the transmitting and receiving coils varies in time [13].
A tuning technique was proposed to improve the system per-
formance against load variations in [14]. The wireless power
repeater system has been applied to transfer energy wirelessly
to power an online monitoring system [15].

However, only one load is present in these papers, which is
connected to the last coil in the WPT repeater system. In some
applications, however, more than one load needs to be powered.
For example, in the flexible alternative current transmission sys-
tems (FACTS), a high-power rating converter is usually adopted
to realize the high power operation. However, the power rating
of the commercial power electronics switch like IGBT is not
high enough, which limits the power rating of the converter.
Moreover, the grid voltage is very high, which may exceed the
voltage rating of the switches. Thus, multiple switches need
to be connected in series to withstand the high voltage [16],
[17]. The driver circuits are used to ensure the normal operation
of the switches, which needs isolated power supplies because
reference potentials of these switches are different. The WPT
technology provides an ideal solution to provide multiple iso-
lated power supplies because no direct contact is needed. The
multiple driver circuits form multiple loads for the WPT sys-
tem [18]. Thus, the WPT system transferring power to multiple
loads deserves to be studied in detail.

In [19], a WPT system transferring power to multiple loads
was proposed, where the loads were connected to all the re-
peater coils. However, if one load resistance changes, the power
of other loads will also change. It means that the load power
depends on each other and the system needs a complicated
control method when used in practical applications. Thus, an
independent load power control method needs to be studied.

In fact, load-independent constant current or constant volt-
age output characteristics for two-coil WPT system have been
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Fig. 1. Structure of the proposed WPT repeater system for gate drivers.

studied in [20]–[22]. With proper compensation topologies, ei-
ther load-independent constant current or voltage output can
be obtained. However, the independent constant output current
or voltage characteristics are only studied in the two-coil WPT
system while those in the WPT repeater system have not been
studied yet.

In this paper, a novel WPT repeater system with multiple
loads is proposed. In Section II, it will show that constant load
currents with suitable coil design and compensation topologies
can be obtained. The system’s power transfer capability includ-
ing the load current characteristics and system efficiencies are
also analyzed when considering the parasitic resistances. Ex-
perimental results are given to validate the effectiveness of the
proposed WPT repeater system.

II. MODELING OF THE PROPOSED WPT REPEATER SYSTEM

Fig. 1 shows the structure of the proposed WPT repeater sys-
tem for gate driver circuits in FACTS. There are (N + 1) units in
the system, which can be divided into three categories. Unit #0
is the transmitting unit, unit #N is the final receiving unit, and
all the other units, from #1 to #(N − 1), are the repeater units.
There are two coils in each repeater unit, where the first coil
is used to receive power from the previous unit and the second
one transfers power to the next unit. L is the self-inductance of
the corresponding coil and C is the compensation capacitance.
The number in the subscript of the coil, L and C indicates the
unit number and the letter indicates whether it receives or trans-
mits power. For example, coil1 r is the receiving coil in unit #1
while coil1 t is the transmitting coil in unit #1. Since the coil in
unit #0 only transfers power to the next unit and the coil in unit
#N only receives power from the previous unit, they are noted
as coil0 t and coilN r , respectively. Lf 1 , Lf 2 , etc., are the auxil-
iary inductors in every repeater unit. M0 1 , M1 2 , . . . , MN −1 N

are the mutual inductances between coil0 t and coil1 r , coil1 t

and coil2 r , . . . , coilN −1 t and coilN r , respectively. Their cor-
responding coupling coefficients k0 2 , k1 2 , k2 3 , . . . , kN −1 N

are defined as

kn n+1 =
Mn n+1√

Ln t · Ln+1 r

, n= 0, 1, 2, 3, . . . , N−1. (1)

Coupling coefficients between other coils can be neglected
with a proper coil design as discussed in Section III.

A. System Modeling

The fundamental harmonics approximation (FHA) method is
used to analyze the proposed WPT repeater system. Fig. 2 shows
the equivalent circuit of the proposed WPT repeater system
using the mutual inductance model. I0 t , I1 r , I1 t , I2 r , I2 t ,
etc., are the currents flowing through coil0 t , coil1 r , coil1 t ,
coil2 r , coil2 t , etc., respectively, the directions of which are
positive when the currents flow into the dot terminals of these
coils. In practical applications, the “Driver” block in Fig. 1
is a rectifier circuit to transform the ac source to dc source
because the dc power supply is needed for the driver circuit.
Usually, the load can be regarded as resistive because the current
and voltage on the rectifier are in the same phase. Thus, in
the following context the “Driver” blocks are modeled as load
resistors (R1 , R2 , . . . , RN ) to simplify the analysis. r0 t , r1 r ,
r1 t , r2 r , etc., are the equivalent parasitic resistances of the
respective coils. ω0 is the operational angular frequency of the
system.

V0 is the root mean square (RMS) value of the fundamen-
tal voltage component applied on the transmitting coil coil0 t .
When the full bridge works in complementary manner, V0 can
be calculated using the dc link voltage Vdc as

V0 =
2
√

2
π

Vdc . (2)

According to the Kirchhoff’s voltage law, the voltage equa-
tions of the WPT repeater system can be written as
⎡

⎢⎢
⎢⎢⎢⎢⎢⎢
⎢⎢
⎣

V 0

0

0

0

. . .

0

⎤

⎥⎥
⎥⎥⎥⎥⎥⎥
⎥⎥
⎦

=

⎡

⎢⎢
⎢⎢⎢⎢⎢⎢
⎢⎢
⎣

Z0 t jω0M0 1 0 0 . . . 0

jω0M0 1 Z1 r jω0Lf 1 0 . . . 0

0 jω0Lf 1 Z1 t jω0M1 2 . . . 0

0 0 jω0M1 2 Z2 r . . . 0

. . . . . . . . . . . . . . . . . .

0 0 0 . . . . . . ZN r

⎤

⎥⎥
⎥⎥⎥⎥⎥⎥
⎥⎥
⎦

·

⎡

⎢⎢⎢⎢⎢⎢
⎢⎢⎢⎢
⎣

I0 t

I1 r

I1 t

I2 r

. . .

IN r

⎤

⎥⎥⎥⎥⎥⎥
⎥⎥⎥⎥
⎦

(3)
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Fig. 2. Equivalent circuit of the proposed WPT repeater system using FHA method.

where Z0 t =r0 t + j(ω0L0 t
− 1/ω0C0 t

), Z1 r =R1 + r1 r +
j(ω0L1 r

+ ω0Lf 1−1/ω0C1 r ), Z1 t =r1 t + j(ω0L1 t
+ω0Lf 1

− 1/ω0C1 t), Z2 r = R2 + r2 r + j(ω0L2 r
+ ω0Lf 2 − 1/ω0

C2 r ), . . . , ZN r = RN + rN r + j(ω0LN r − 1/ω0CN r ).

B. Working Principle

In the proposed topology, the compensation capacitors and
inductors are designed to satisfy the following conditions:

ω0 = 1
/√

L0 tC0 t = 1
/√

(L1 r + Lf 1)C1 r

= 1
/√

(L1 t + Lf 1)C1 t = · · · = 1
/√

LN rCN r . (4)

The coil resistances are usually so small that can be neglected
when analyzing the principle of the circuit. Substituting (4) into
(3), the load currents can be calculated as

I1 r = V 0/jω0M0 1 , I2 r = −Lf 1I1 r /M1 2 ,

I3 r = −Lf 2I2 r /M2 3 , . . . ,

IN r = −Lf (N −1)IN −1 r /MN −1 N. (5)

As can be seen from (5), once the system parameters such
as the auxiliary inductances and mutual inductances are set,
I1 r , I2 r , I3 r , . . . , IN r are constant and independent of the
load resistances. Since the loads are connected in series with
coil1 r , coil2 r , coil3 r , . . . , coilN r , RMS values of the currents
flowing through the loads remain constant regardless of the load
variations. Moreover, RMS values of I1 r , I2 r , I3 r , . . . , IN r

are identical if the auxiliary inductances and mutual inductances
meet the following equation:

Lf 1 = M1 2 , Lf 2 = M2 3 , . . . , Lf (N −1) = MN −1 N .
(6)

Especially, all the inductances and mutual inductances can be
designed with the same value, i.e.,

Lf 1 =Lf 2 = · · · = Lf (N −1) = M1 2 = · · · = MN −1 N = M.
(7)

Therefore, equal power distribution among all the loads can
be obtained with equal load resistances, i.e., R1 = R2 = · · · =
RN = R. It can be seen that the charging conditions for all the
loads are the same no matter how far the distance between each
unit and the transmitter is.

Fig. 3. Coil structure of the proposed WPT repeater system.

III. COIL DESIGN

Based on the above analysis, coupling coefficients between
nonadjacent coils and the two coils in the same repeater unit
should be as low as possible in order to obtain the load-
independent constant current characteristics for the proposed
WPT repeater system.

A. Coil Structure

The two coils in the same repeater unit are placed close to
each other to realize a compact design. However, the coupling
coefficient between these two coils is not desirable in the pro-
posed WPT repeater system as explained above. In this paper,
bipolar coils [23], [24] are adopted in the proposed system as
shown in Fig. 3. In the same repeater unit, the two bipolar coils
are perpendicularly placed so their coupling coefficient can be
eliminated [24]. Ferrite plates are inserted not only between the
two coils in the same repeater unit but also beside the transmit-
ting and receiving coils to increase the coupling effects between
the adjacent units. The two coils between the two adjacent fer-
rites, such as coil0 t and coil1 r , are totally the same, so that
enough coupling coefficients between these two coils can be
obtained.

B. Finite Element Analysis (FEA)

The three-dimensional FEA simulation using MAXWELL
has been conducted to design the coils as shown in Fig. 4. Ac-
cording to the application requirement, the distance between the
two adjacent units is d = 60 mm. The side length of the coils is
chosen as lcoil = 160 mm to obtain enough coupling. Then the
width of the coils lw and the side length of the ferrite plates lf e

need to be determined. Fig. 5 shows the variation of the cou-
pling coefficient between adjacent repeater units with different
lw and lf e using MAXWELL. When lw increases from 10 to
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Fig. 4. FEA simulation model of the proposed WPT repeater system. (a) FEA
simulation model. (b) Coil and ferrite dimensions.

Fig. 5. Variation of the coupling coefficient between adjacent repeater units
with different lw and lf e .

25 mm, the coupling coefficient k also increases. However, if
lw increases further, k begins to decrease. Thus, lw is chosen
as 20 mm in this case. Moreover, when lf e increases, the cou-
pling coefficient k first increases then decreases. The coupling
coefficient k maintains at a relatively high value when lf e varies
between 100 and 140 mm. So lf e is selected as 120 mm.

k1r 1t , k1r 2r , k1r 2t , k1 2 are defined as the coupling coeffi-
cient between coil1 r and coil1 t , coil1 r and coil2 r , coil1 r and
coil2 t , coil1 t and coil2 r . Because of the symmetric character-
istics, these four coupling coefficients are sufficient to character-
ize the system. Table I compares the coupling coefficients of the
proposed coil design with and without the ferrite plates. When
there are no ferrite plates in the system, k1 2 is only 0.1190,
which is smaller than the coupling coefficient of 0.2568 when
the ferrite plates exist. k1r 1t and k1r 2r are always very small
regardless of the existence of ferrites. That is because coil1 r and
coil1 t or coil2 r are placed perpendicularly. Moreover, k1r 2t is

TABLE I
COUPLING COEFFICIENTS FOR THE PROPOSED COIL DESIGN

Fig. 6. Magnetic field distribution of the proposed WPT system. (a) Magnetic
field in the YZ plane. (b) Magnetic field in Ferrite_1.

0.06515 when there is no ferrite, which brings cross-coupling to
the system especially when the repeater unit number increases,
and the cross-coupling effects will be superimposed. When us-
ing ferrite plates, k1r 2t can be decreased to 0.006395, which is
much smaller than k1 2 , so it can be neglected. Therefore, the
ferrite plates not only increase the coupling between the adjacent
units and increase the power transfer capability, but also pro-
vide magnetic insulations between the nonadjacent coils. Thus,
only the coupling effect between coil1 t and coil2 r needs to be
considered.

Fig. 6 shows the magnetic field distribution in the proposed
WPT system. Because of the symmetrical characteristics of the
coils, only three repeater units (#1, #2, and #3) and the transmit-
ting unit are simulated. The magnetic field is mainly restricted
in the ferrite plates and the magnetic field emission in the air is
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very small. Fig. 6(b) shows the magnetic field in Ferrite_1. The
largest magnetic flux density B lies in the center of the ferrite
plate, which is about 9.84 mT.

IV. POWER TRANSFER CAPABILITY

A. Influence of Parasitic Resistances

In a practical system, parasitic resistances of the coils are
inevitable and their influence on the system needs to be analyzed.
The quality factors of coil0 t , coil1 r , coil1 t , . . . , coilN r are
defined as Q0 t , Q1 r , Q1 t , . . . , QN r , respectively. Then the
parasitic resistances can be expressed using the quality factor as

ri = ω0Li/Qi (8)

where the subscript i indicates the coil number. The reflected
impedances in the coils can be calculated as
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Zr,N r = 0

Zr,n t = (ω0 Mn n + 1 )2

rn + 1 r +Rn + 1 +Zr , n + 1 r
, n = 0, 1, 2, . . . , N − 1

Zr,n r = (ω0 Lf n )2

rn t +Zr , n t
, n = 1, 2, 3, . . . , N − 1.

(9)

Then the currents flowing through the coils can be calculated
using the reflected impedances as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

I0 t = V 0
r0 t +Zr , 0 t

In r = − jω0 Mn −1 n In −1 t

rn r +Rn +Zr , n r
, n = 1, 2, 3, . . . , N

In t = − jω0 Lf n In r

rn t +Zr , n t
, n = 1, 2, 3, . . . , N − 1.

(10)

Since all these coils are the same, their quality factors are iden-
tical, i.e., Q0 t = Q1 r = Q1 t = · · · = QN r = Q. The cou-
pling coefficient between any two adjacent repeater units are
also the same, i.e., k0 1 = k1 2 = k2 3 = · · · = kN −1 N =
k. As discussed in Section II, (7) should be met in order
to obtain identical RMS values of all the load currents. Now
considering the parasitic resistances, the load currents can be
calculated based on (10) and the results are shown in Fig. 7
where N = 10, k = 0.1, and Q = 500. The ten load resistances
are identical and vary simultaneously. In order to facilitate com-
parisons, normalized load resistances and currents are used with
their base values defined as

Rb = ω0M, Ib = V0/Rb. (11)

As can be seen from Fig. 7(a), when the load resistances
increase, the load currents decrease gradually. For example,
the normalized value of I1 r decreases from 0.962 with the
normalized load resistance of 0.2 to 0.896 when the normalized
load resistance increases to 0.8. Moreover, the load currents
attenuate as the transmitting distance increases as shown in
Fig. 7(b). The normalized load currents of I10 r is 0.799 when
the normalized load resistance is 0.2, which is 83.1% of I1 r .
The load current attenuation rates depend on the load resistance.
As the load resistances increase, the current attenuation rates
become larger. When the normalized load resistance is 0.8, the
normalized load current I10 r decreases to 0.490, which is only
54.7% of I1 r .

Fig. 7. Load current characteristics along with the load resistance variations
(k = 0.1, Q = 500). (a) Load currents variation with load resistances. (b) Load
current variations in different repeater units.

Fig. 8. Load current variations with different coupling coefficients and quality
factors (N = 10, R/Rb = 0.2).

Fig. 8 shows the current variation flowing through the 10th
load with different coupling coefficients and quality factors
when N = 10 and R/Rb = 0.2. As the coupling coefficient
k increases, the load current also increases. Moreover, a larger
quality factor Q leads to a higher load current. It means that the
load current attenuation rate can be decreased with a higher k
and Q. Thus, a higher k and Q are beneficial from the perspective
of constant load current outputs.

B. System Efficiency

The efficiency of each power unit is defined as ηn (n =
1, 2, . . . , N) where there are totally N loads. The efficiency
of the whole system is defined as η. It can be found that η = η1.
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Fig. 9. System efficiency variations at different load resistances (k = 0.1,
Q = 500).

Fig. 10. Optimal load resistances to achieve maximum system efficiency with
different number of loads (k = 0.1, Q = 500).

The efficiency can be calculated as

ηn =
Zr,(n−1)t

r + Zr,(n−1)t
· R

r + R + Zr,nr

+
Zr,(n−1)t

r + Zr,(n−1)t
· Zr,nr

r + R + Zr,nr
· η(n+1) ,

n = 1, 2, . . . , N − 1. (12)

For the last load, the efficiency ηN can be calculated as

ηN =
Zr,(N −1)t

r + Zr,(N −1)t
· R

r + R
=

QL · (kQ)2

(1 + QL )2 + (1 + QL )(kQ)2

(13)

where QL = R/r.
Based on (12) and (13), the system efficiency variations

against the normalized load resistance are shown in Fig. 9 as-
suming that all the load resistances are identical. When N = 1,
which is the traditional two-coil WPT system, the maximum
efficiency is achieved when the normalized load resistance is
about 1 and depends only on the coupling coefficient k and
quality factor Q as reported in [2]. The optimal load resistance
to achieve maximum system efficiency decreases as the repeater
number increases as shown in Figs. 9 and 10. When N increases
to 5, the optimal normalized load resistance decrease to 0.309
(k = 0.1, Q = 500). The number decreases to 0.172 when N =
10.

Fig. 11. Maximum achievable efficiency with different number of loads
(Q = 500).

Fig. 12. Maximum achievable efficiency variations with coupling coefficient
k and quality factor Q (N = 10).

Moreover, with the increasing of load number N, the maxi-
mum achievable system efficiency declines as shown in Fig. 11.
This is because more power is consumed by the coil parasitic
resistances. This figure provides some guidelines for system de-
signs. For example, when the coupling coefficient k = 0.1 and
quality factor Q = 500, the maximum load number should not
exceed 10 if the efficiency is required to be above 0.8.

Fig. 12 shows the variations of the maximum achievable ef-
ficiency along with the coupling coefficient k and quality factor
Q. Similar to the two-coil WPT system, the maximum achiev-
able efficiency increases as k or Q increases. To transfer power
via a long distance with a satisfactory system efficiency, a larger
k or Q is preferred.

V. EXPERIMENTAL RESULTS

A. System Design Procedure

In order to design the specific constant load current, the
mutual inductance Mn n+1(n = 0, 1, 2, . . . , N − 1) can be
calculated based on (5). Then, the dimension of the coils
can be determined with a given load distance with the help
of MAXWELL. After making the coils, the self-inductances
Li t(i = 0, 1, 2, . . . , N − 1), Lj r (j = 1, 2, 3, . . . , N), and mu-
tual inductances Mn n+1(n = 0, 1, 2, . . . , N − 1) of the coils
can be measured. Based on (6), the auxiliary inductances
Lf n (n = 1, 2, 3, . . . , N) can be obtained, which should be
equal to the mutual inductances Mn n+1(n = 0, 1, 2, . . . ,
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Fig. 13. Experimental setup of the proposed WPT system. (a) Repeater unit.
(b) Experimental platform.

N − 1). With the self-inductances Li t(i = 0, 1, 2, . . . , N − 1)
and the mutual inductances Mn n+1(n = 0, 1, 2, . . . , N − 1),
the compensation capacitances Ci t(i = 0, 1, . . . , N − 1) and
Cj r (j = 1, 2, . . . , N) can be calculated using (4).

B. Experimental Setup

The experimental setup of the proposed WPT repeater system
with ten loads has been constructed as shown in Fig. 13. The
coils are made of the 660-strand Litz wires so that the skin effect
can be neglected, which are installed on the plexiglass plates.
The ferrite plates (PC40) are used in every unit. The dimension
of the coils is 160 mm × 160 mm and that of the ferrite plate
is 120 mm × 120 mm with the thickness of 4 mm. The turn
number of the coil is 12. Four plastic rods pass through all the
repeater units to fix the coils. The inverter consisting of four
silicon carbide MOSFETs (C2M0080120D) is used to generate
a 200 kHz ac voltage for the transmitting coil. The distance
between adjacent units is fixed to 60 mm.

The self-inductances of the coils are measured around 93 μH.
The coupling coefficient of the two adjacent coils in the two
adjacent units (k0 1 , k1 2 , k2 3 , . . . ) is around 0.24, which is
basically consistent to the simulation result in Section III. The
auxiliary inductances are designed as 23 μH so that identical
load currents can be obtained as shown in (7). The quality factor
of the resonant loop is about 280. All the circuit parameters are
listed in Table II.

TABLE II
CIRCUIT PARAMETERS OF THE EXPERIMENTAL SETUP

Fig. 14. Experimental waveforms of the voltages and currents.

In FACTS, the power electronics switches are usually iden-
tical and use a modular design. Thus, the driver circuits for
these switches are identical and can be placed with the same
distance. In the proposed WPT system, all the coils are identical
and placed with the same distance to meet the requirements in
such an application. Once the system is set, the distance be-
tween adjacent units will not change. It needs to be pointed out
that the coupling coefficients or the quality factors are nearly
identical although there exists installation errors in a practical
implementation.

C. Experimental Results

A dc source is used to provide the dc-link voltage of 30 V
for the experimental system. In the proposed WPT experimental
setup, the output current is about 0.8 A and the total load power
is about 25 W at the maximum system efficiency. When the
dc voltage becomes larger, the load current and the load power
will also increase. The experimental waveforms are shown in
Fig. 14. It can be seen that the current I0 t slightly lags behind
the input voltage V0 to achieve zero-voltage-switching (ZVS)
for the MOSFETs so that the switching loss can be reduced. The
first load current I1 r lags behind I0 t by about 90° and the 10th
load current I10 r lags behind I1 r by about 180° as analyzed
above.

The oscilloscope only has four channels and the ten load
currents cannot be captured simultaneously in the same figure.
Thus, the load currents when the load resistance is 3 Ω are
captured using the oscilloscope and redrawn using MATLAB
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Fig. 15. Waveforms of the ten load currents.

Fig. 16. Comparisons between calculated and experimental load currents
(k = 0.24, Q = 280).

as shown in Fig. 15. The amplitudes of these currents are nearly
the same.

The output currents flowing through the ten loads with vari-
ous load resistances are normalized and shown in Fig. 16. The
solid lines are the calculated load currents while the dots are
the experimental results. All the currents and load resistance
are normalized by dividing the base values of the currents and
resistance shown in (11). As the load resistance increases, the
load current gradually decreases because of the coil’s parasitic
resistance. The maximum load current drop of I10 r is nearly
25% when the normalized load resistance about 0.27. Consid-
ering that there are ten loads in the experimental system, such
current variation is acceptable. The experimental current is a
little smaller than the calculated value. That is because the volt-
age drop on the reactance in coil0 t increases when the load
power increases to obtain ZVS. Thus, V0 and the load current
will decrease a little.

The load current I1 r against the variations of other load
resistances is shown in Fig. 17 as an instance. In each case
only one load resistance is changed. For example, the other
normalized load resistances remain constant as 0.17 when R2 is
varying. It can be seen from Fig. 17 that I1 r slightly decreases
when the other load resistance increases and the variation is
within 2%. Thus, the load current and power of a repeater is
basically unaffected by other loads.

Fig. 18 shows the system efficiency variations against the
load resistance. It can be seen from Fig. 18 that the measured
system efficiency matches the calculated efficiency well. The
maximum efficiency is measured as 83.9% when the normalized

Fig. 17. Normalized I1 r against the variation of other load resistances.

Fig. 18. Comparisons between calculated and experimental system efficiency
(k = 0.24, Q = 280).

load resistance is around 0.17 (k = 0.24, Q = 280). When the
coupling coefficient k or quality factor Q becomes larger, the
reachable maximum efficiency can be higher.

VI. CONCLUSION

In this paper, a novel WPT system has been proposed, which
can power multiple loads simultaneously by using repeater coils.
Such a system can be used for the driver circuits in FACTS
where the repeater unit not only transfers power to the next
unit, but also provides power to the driver circuits connected to
them. Two bipolar coils placed perpendicularly together with
ferrite inserted between them are used in every repeater unit.
With the proposed compensation circuits, the system ensures
constant load currents regardless of the load variations. As a
result, independent load power control can be realized. The load
current characteristics and system efficiency have been analyzed
when considering the coil parasitic resistances. It was shown that
a higher coupling coefficient k and quality factor Q is beneficial
to maintain constant load current characteristics and improve
the system efficiency. Experimental results have validated the
effectiveness of the proposed WPT repeater system.

REFERENCES

[1] Z. Zhang, H. Pang, A. Georgiadis, and C. Cecati, “Wireless power
transfer—An overview,” IEEE Trans. Ind. Electron., vol. 66, no. 2,
pp. 1044–1058, Feb. 2019.

[2] S. Li and C. C. Mi, “Wireless power transfer for electric vehicle applica-
tions,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 3, no. 1, pp. 4–17,
Mar. 2015.



CHENG et al.: LOAD-INDEPENDENT WIRELESS POWER TRANSFER SYSTEM FOR MULTIPLE LOADS OVER A LONG DISTANCE 9287

[3] Q. Zhu, Y. Zhang, C. Liao, Y. Guo, L. Wang, and F. Li, “Experimental
study on asymmetric wireless power transfer system for electric vehicle
considering ferrous chassis,” IEEE Trans. Transp. Electrific., vol. 3, no. 2,
pp. 427–433, Jun. 2017.

[4] C. Xiao, D. Cheng, and K. Wei, “An LCC-C compensated wireless charg-
ing system for implantable cardiac pacemakers: Theory, experiment, and
safety evaluation,” IEEE Trans. Power Electron., vol. 33, no. 6, pp. 4894–
4905, Jun. 2018.

[5] J. Yin, D. Lin, C. K. Lee, T. Parisini, and S. Y. R. Hui, “Front-end monitor-
ing of multiple loads in wireless power transfer systems without wireless
communication systems,” IEEE Trans. Power Electron., vol. 31, no. 3,
pp. 2510–2517, Mar. 2016.

[6] S. Y. R. Hui, “Past, present and future trends of non-radiative wireless
power transfer,” CPSS Trans. Power Electron. Appl., vol. 1, no. 1, pp. 83–
91, Dec. 2016.

[7] D. Ahn and S. Hong, “A study on magnetic field repeater in wireless
power transfer,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 360–371,
Jan. 2013.

[8] S. Y. R. Hui, W. X. Zhong, and C. K. Lee, “A critical review of recent
progress in mid-range wireless power transfer,” IEEE Trans. Power Elec-
tron., vol. 29, no. 9, pp. 4500–4511, Sep. 2014.

[9] W. X. Zhong, C. K. Lee, and S. Y. R. Hui, “Wireless power domino-
resonator systems with noncoaxial axes and circular structures,” IEEE
Trans. Power Electron., vol. 27, no. 11, pp. 4750–4762, Nov. 2012.

[10] C. K. Lee, W. X. Zhong, and S. Y. R. Hui, “Effects of magnetic coupling
of nonadjacent resonators on wireless power domino-resonator systems,”
IEEE Trans. Power Electron., vol. 27, no. 4, pp. 1905–1916, Apr. 2012.

[11] K. Lee and S. H. Chae, “Power transfer efficiency analysis of intermediate-
resonator for wireless power transfer,” IEEE Trans. Power Electron.,
vol. 33, no. 3, pp. 2484–2493, Mar. 2018.

[12] J. Lee, K. Lee, and D. H. Cho, “Stability improvement of transmission
efficiency based on a relay resonator in a wireless power transfer system,”
IEEE Trans. Power Electron., vol. 32, no. 5, pp. 3297–3300, May 2017.

[13] M. Chabalko, J. Besnoff, M. Laifenfeld, and D. S. Ricketts, “Resonantly
coupled wireless power transfer for non-stationary loads with application
in automotive environments,” IEEE Trans. Ind. Electron., vol. 64, no. 1,
pp. 91–103, Jan. 2017.

[14] P. K. S. Jayathurathnage, A. Alphones, and D. M. Vilathgamuwa, “Opti-
mization of a wireless power transfer system with a repeater against load
variations,” IEEE Trans. Ind. Electron., vol. 64, no. 10, pp. 7800–7809,
Oct. 2017.

[15] C. Zhang, D. Lin, N. Tang, and S. Y. R. Hui, “A novel electric insulation
string structure with high-voltage insulation and wireless power transfer
capabilities,” IEEE Trans. Power Electron., vol. 33, no. 1, pp. 87–96,
Jan. 2018.

[16] D. Karwatzki and A. Mertens, “Generalized control approach for a class of
modular multilevel converter topologies,” IEEE Trans. Power Electron.,
vol. 33, no. 4, pp. 2888–2900, Apr. 2018.

[17] J. Chivite-Zabalza, P. Izurza-Moreno, D. Madariaga, G. Calvo, and M. A.
Rodriguez, “Voltage balancing control in 3-level neutral-point clamped
inverters using triangular carrier PWM modulation for FACTS applica-
tions,” IEEE Trans. Power Electron., vol. 28, no. 10, pp. 4473–4484,
Oct. 2018.

[18] K. Kusaka, K. Orikawa, J. Itoh, K. Morita, and K. Hirao, “Isolation system
with wireless power transfer for multiple gate driver supplies of a medium
voltage inverter,” in Proc. Int. Power Electron. Conf., May 2014, pp. 191–
198.

[19] Y. Zhang, T. Lu, Z. Zhao, K. Chen, F. He, and L. Yuan, “Wireless power
transfer to multiple loads over various distances using relay resonators,”
IEEE Microw. Wireless Compon. Lett., vol. 25, no. 5, pp. 337–339,
May 2015.

[20] V. B. Vu, D. H. Tran, and W. Choi, “Implementation of the constant
current and constant voltage charge of inductive power transfer systems
with the doubled-sided LCC compensation topology for electric vehicle
battery charge applications,” IEEE Trans. Power Electron., vol. 33, no. 9,
pp. 7398–7410, Sep. 2018.

[21] W. Zhang, S. C. Wong, C. K. Tse, and Q. Chen, “Load-independent dual-
ity of current and voltage outputs of a series- or parallel-compensated
inductive power transfer converter with optimized efficiency,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 3, no. 1, pp. 137–146,
Mar. 2015.

[22] J. Hou, Q. Chen, Z. Zhang, S. C. Wong, and C. K. Tse, “Analysis of
output current characteristics for higher order primary compensation in
inductive power transfer systems,” IEEE Trans. Power Electron., vol. 33,
no. 8, pp. 6807–6821, Aug. 2018.

[23] M. Budhia, J. T. Boys, G. A. Covic, and C. Y. Huang, “Development of a
single-sided flux magnetic coupler for electric vehicle IPT charging sys-
tems,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 318–328, Jan. 2013.

[24] T. Kan, F. Lu, T. D. Nguyen, P. P. Mercier, and C. C. Mi, “Integrated
coil design for EV wireless charging systems using LCC compensation
topology,” IEEE Trans. Power Electron., vol. 33, no. 11, pp. 9231–9241,
Nov. 2018.

Chenwen Cheng received the B.S. and Ph.D. degree
from Zhejiang University, Hangzhou, China, in 2012
and 2017, respectively, all in electrical engineering.

He is currently a Postdoc Researcher with San
Diego State University, San Diego, CA, USA. His
research interests include the motor control, renew-
able power generation, and wireless power transfer
technologies.

Fei Lu (S’12–M’17) received the B.S. and M.S. de-
gree from the Harbin Institute of Technology, Harbin,
China, in 2010 and 2012, respectively, and the Ph.D.
degree from the University of Michigan, Ann Arbor,
MI, USA, in 2017, all in electrical engineering.

He is currently an Assistant Professor with the
Department of Electrical and Computer Engineering,
Drexel University, Philadelphia, PA, USA. His re-
search topic focuses on power electronics and the
application of electric vehicle charging.

Zhe Zhou received the B.E. degree in measure and
control technology and instrumentations from the
Changchun University of Science and Technology,
Changchun, China, in 2011 and the M.S degree in
power electronics and power drives from Tianjin Uni-
versity, Tianjin, China, in 2014.

He is currently with the State Key Laboratory of
Advanced Power Transmission Technology (Global
Energy Interconnection Research Institute), Beijing,
China. His research interests include the applications
of the wide-gap device and the solid state transformer.

Weiguo Li (M’01) received the B.S. degree from
Northeast Dianli University, Jilin, China, in 1996,
the M.S. degree from China Electric Power Research
Institute, Beijing, China, in 2006, and Ph.D. degree
from North China Electric Power University, Beijing,
China, in 2013, all in electrical engineering.

He is currently with the State Key Laboratory of
Advanced Power Transmission Technology (Global
Energy Interconnection Research Institute), Beijing,
China. His research interests include the flexible ac
transmission systems and power systems.

Chong Zhu (M’17) received the B.S. degree in elec-
trical engineering from the China University of Min-
ing and Technology, Xuzhou, China, in 2010 and the
Ph.D. degree in electrical engineering from Zhejiang
University, Hangzhou, China, in 2016.

He is currently a Postdoc Researcher with San
Diego State University, San Diego, California, USA.
His research interests include battery thermal man-
agement, ac/dc power conversion, and pulsewidth
modulation techniques applied in EVs.



9288 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 2019

Hua Zhang (S’14–M’17) received B.S., M.S., and
Ph.D. degrees in electrical engineering from North-
western Polytechnical University, Xi’an, China, in
2011, 2014, and 2017, respectively.

From September 2014 to August 2015, she was a
joint Ph.D. student founded by the China Scholarship
Council with the University of Michigan, Dearborn,
MI, USA. From September 2015, she started to work
with San Diego State University. She is currently a
Postdoctoral Research Associate with Drexel Univer-
sity, Philadelphia, PA, USA. Her research focuses on

the charging technology of electric vehicles.

Zhanfeng Deng received the B.S. and M.S. degrees
in welding technology and equipment from Jilin Poly-
technical University, Changchun, China, in 1996 and
the Ph.D. degree in electrical engineering from Ts-
inghua University, Beijing, China, in 2003.

He is currently with the State Key Laboratory of
Advanced Power Transmission Technology (Global
Energy Interconnection Research Institute), Beijing,
China. His research interests include the flexible ac
transmission systems and power systems.

Xi Chen (S’07–M’13–SM’16) received the B.Eng.
degree in information engineering from the Beijing
Technology and Business University, Beijing, China,
the M.Sc. degree in digital signal processing from
Kings College London, University of London, Lon-
don, U.K., and the Ph.D. degree in electronic and
information engineering from the Hong Kong Poly-
technic University, Hong Kong, in 2003, 2005, and
2009, respectively.

He was a Postdoctoral Research Fellow with the
Institute of Software, Chinese Academy of Science,

Beijing, China, from 2011 to 2013, and a Research Associate with the Hong
Kong Polytechnic University, in 2009. He was a Visiting Student with the Uni-
versity of Florida, Gainesville, FL, USA, in 2008. In 2014, he joined GEIRI
North America, San Jose, CA, USA, where he is currently the Chief Informa-
tion Officer. From 2009 to 2014, he was with the Center of Internet of Things
Research, the Department of Marketing, and the Scientific and Technological
Achievements Award Center at State Grid Corporation of China, Beijing, China.
His research interests include the Internet of Things, smart grids, electric vehicle
charging infrastructure, and complex networks analysis and its applications.

Chunting Chris Mi (S’00–A’01–M’01–SM’03–
F’12) received the B.S.E.E. and M.S.E.E. degrees in
electrical engineering from Northwestern Polytechni-
cal University, Xi’an, China, and the Ph.D. degree in
electrical engineering from the University of Toronto,
Toronto, ON, Canada, in 1985, 1988, and 2001, re-
spectively.

He is currently a Professor and the Chair of elec-
trical and computer engineering and the Director of
the Department of Energy-funded Graduate Automo-
tive Technology Education Center for Electric Drive

Transportation, San Diego State University (SDSU), San Diego, USA. Prior to
joining SDSU, he was with University of Michigan, Dearborn, MI, USA, from
2001 to 2015.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


