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A Switchable-LCL-Circuit-Based IPT System With High Efficiency for
Reefer Containers
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Zhengyou He ", Senior Member, IEEE, Yong Li

Abstract—To get rid of plug-in/out actions for automatic
wharves, a switchable-LCL-circuit (SLC) based inductive power
transfer system is proposed to improve efficiency for reefer con-
tainer wireless charging. As we knew, the power requirement of
a reefer container only hits a few operation points, and each op-
eration point is in corresponding to an individual resistance point
(IRP). Therefore, the system efficiency can be improved by altering
the IRPs into the optimal load resistance (OLR). The idea of this
letter is to use the SLC to create multiple efficiency-load curves,
then to regulate the peak points of the curves approaching the IRPs
by reconfiguring the compensation parameters. Finally, a prototype
was built to validate the performance of the proposed approach.
The experimental results show that with the SLC, both the IRPs 20
and 160 €2 can be transformed into the OLR 55 2; the proposed
system can gain the system efficiency >92.4% at the IRPs (20 2,
259.2 W) and (160 €2, 32.4 W).

Index Terms—Efficiency optimization, inductive power transfer
(IPT), LCL circuit.

1. INTRODUCTION

EEFER containers play an essential role in the cold-chain
R transportation industry. Nowadays, the reefer containers
are powered by plug-in systems, which suffer from following
three main drawbacks.

1) The physical plug-in connection is labor intensive and
time consuming, and also prone to undesirable unplugging
when containers are moved, leading to equipment damage.

2) Such systems are not ideal for operation under adverse
weather conditions, such as rain and snow etc.
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Fig. 1. (a)Reefer containers and power tower. (b) Installation of an IPT system
for a reefer container.

3) Most of the operations in automatic wharves can be done
by the automatic machines except plugging-in/out the
cables of the reefer containers.

Thus, the engineers desire to find a solution to achieve a
completely automatic wharf. These drawbacks can be alleviated
by wirelessly powering these containers using wireless inductive
power transfer (IPT) technology. IPT facilitates electrical power
transfer over an air-gap through magnetic coupling without any
direct electrical connections, and has been employed in many
industrial applications, such as wearable devices [1], automatic
guided auto [2], electrical vehicles [3]-[6], and railways [7].
Thus, IPT technology is hoped to offer an expandable option for
reefer container charging. Fig. 1 shows plug-in systems and IPT
systems for reefer containers.

As for many other applications, the efficiency of power
transfer is also of great importance to reefer containers. The
system efficiency varies with the load, and is usually optimized
only for a particular load, referred hereafter as the optimal load
resistance (OLR). Unfortunately, each reefer container operates
under three different conditions and, thus, invariably appears as
a variable load to the power transfer system. The three typical
loading conditions of reefer containers, represented as individual
resistance points (IRPs), are listed in Table I.

To deliver power with high efficiency in a large load resistance
range, power converters, e.g., dc—dc converters and active recti-
fiers, are widely used to adaptively change the load impedance
to achieve impedance matching for maximum efficiency point
tracking [8]-[10]. These methods can optimize efficiency
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TABLE I
RESISTANCE OF A TYPICAL REEFER CONTAINER
Operating status Power Resistance point
Refrigeration 6.6kW 22Q
Heating 3.0kW 48Q
air recirculation/defrosting | ~1.5kW 96Q2

dramatically. However, some extra power loss, e.g., switch loss,
is introduced by the power converters. Tuning operating fre-
quency is another effective way [11]. Nevertheless, this method
is limited by the Industrial Scientific Medical band. Tunable
capacitors, which are derived by a step motor, are utilized in
[12]. However, the auxiliary control circuit is complicated.

Recently, switchable circuits (SCs) have also been proposed
to improve system efficiency. The idea of the SCs is to use
switches to alter system parameters or topologies to create
multiple efficiency-load curves, then to control the system op-
erating within the top regions of the curves. Using switchable
capacitor and/or inductor matrixes is a valid approach [13], [14].
However, lots of passive components and switches increase
the circuit complexity. Thus, the fewer the components and
switches are required for creating one more efficiency curve,
the better the performance of the SCs is. Therefore, Kim and
Jeong [15] and Dang et al. [16] use several combinations of
switches and subcoils to change mutual inductances; Mai et al.
[17] and Zhong and Hui [18] use two or three switches to alter
system topologies with splitting coils. However, reactive power,
which is harmful to the IPT system, is introduced. Moreover, the
specially designed sub- or splitting coils complicates the system
design.

The methods mentioned earlier focus on improving the system
efficiency in a continuous load resistance range. However, the
load resistances of a reefer container vary discretely among a
few IRPs. Therefore, for the reefer container application, only
the system efficiency at the IRPs is required to be optimized. In
this letter, a switchable-LCL-circuit (SLC) based IPT system is
proposed for the reefer container wireless charging. Compared
with the traditional SCs, the main advantages of the SLC are as
follows.

1) Only a switch, an inductor, and a capacitor are required
for creating one more efficiency-load curve without intro-
ducing any reactive power.

2) The coil design is easy with the SLC because the specially
designed coils are not required.

II. OPTIMAL IMPEDANCE MATCHING BY LCL CIRCUIT
A. OLR of a Series—Series (SS) IPT System

According to Zhong and Hui [9], for a given SS IPT system,
the OLR Ry,opt, Which can achieve the optimal efficiency 7qp,
can be expressed as

RLopt = |:\/RPRs(wM)2 + (RPR5)2 /RP (1)

where Rp = Rpp+Rcp, Rs = Ris+Rcs. Rip, Rrs, Rcp, and
R(sg are the equivalent series resistors (ESRs) of the transmitting
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Fig. 2.  Circuit model of a general LCL circuit.

coil Lp, the receiving coil Lg, and the compensation capacities
Cp and Cg, respectively. M denotes the mutual inductance
between Lp and Lg. w is the operating angular frequency. When
the load resistance Ry, deviates from Ry qpt, the system efficiency
will decrease.

B. Analysis of LCL Circuit

A general LCL circuit consists of an ac power source Urr, an
ac load Ry,, two inductors Ly, L, and a capacitor Cs, as shown
in Fig. 2. Ury (Uy) is the phasor of the source (load) voltage
Ut1 (Ur). It1 (I1,) is the phasor of the source (load) current
It1 (I). Z1, Zs, and Z3 are the impedances of Ly, Co, and L,
respectively. The LCL circuit is designed to operate at w. Thus,
we can obtain

Ly = —2y, Z3=12. 2

According to Kirchhoff’s voltage law, the circuit can be
described as

Urnt| _ | Z1+2> — 7y Ity 3)
0 —Zy Zo+Zs+Ry|T|IL |’
By substituting (2) into (3), and solving (3), Zr1, the input
impedance of the LCL circuit, is derived as

Zr1 = —Z1"/Ry. “)

By adopting a proper Z;, Ry, is transformed into Zt, which
can be a smaller or larger value than Rp,. Besides, Zt1 only
consists of a real part. Thus, the circuit does not introduce
reactive power.

C. Transformation of IRP to OLR

According to (4), to transform Ry, into Ry,qpt, namely Ztp =
Riopt» Z1 should satisfy the equation as follows:

Z1 =/ —RiRiopt- (5)

For a given LCL circuit, Z; is constant. Thus, only a given
Ry, can be transformed into Ry,op¢. However, the load resistance
R1,,, of areefer container varies among several IRPs Ry, = {Ry,1,
Ry, ..., Ry, N} (N is the number of the IRPs). Thus, 7, cannot
always be achieved. To maintain 7, Z; should be dynamically
regulated to a proper value in corresponding to Ry, ,,.

III. OPTIMAL IMPEDANCE MATCHING BY SLC

A. Analysis of SLC

To transform any Ry, ,, ERY, into Ry opt, the corresponding SLC
is proposed in Fig. 3. C and L3 of the LCL circuit in Fig. 2 are
divided into N parts, Co 1—C> n and L3 1—Ls, y. The capacitor
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Cs ; (1 <i < N)is compensated by the inductor L3 ;. Switches
S1—S are utilized to alter the topology of the SLC. There must
be one and only one switch being on at any time.

When the switch S, (1 < n < N) is ON, the impedances of the
three branches of the SLC can be expressed as

N
1
Zip = JjwlL - 6
L= jwli Y ey 6)
1=n-+1 ’
P o )
2,n s jUJCZJ
Zsn = jwLsn. ®)
=1

The SLC is designed to operate at w. Then, we can obtain
Z2,n = _Zl,na ZS,n = Zl,n~ (9)

By combining (6)—(9), L1, C2,1—C2, v, and L3 1—Ly 3, ; can be
solved as

Li=Zin/ (jw) (10)
_ 2/ () i=1

Las = { (Z1i = Z1i-1)] / () i€ [2,N] an
o -1/ (jWZm) =1

Cai = {_1/ {jw (21— Z1 i)} i€[2,N] (12)

Only a switch §,,, a capacitor Cs_,,, and an inductor Ly,3 ,, are
needed to provide one more efficiency curve where IRP Ry, ,, is
transformed into Rype. When the switch §;, (1 <n < N)is ON,
to transform Ry,,, into Ry,opt, Z1,, should satisfy the following
equation:

Zl,n :] RLoptRLn~ (13)

B. Design of the SLC-Based IPT System

The aforementioned analysis is ideal without considering the
ESRs of the components of the SLC, but it delivers the basic
idea of this letter. For the optimization design of a proposed
SLC-based IPT system, a precise efficiency model is built. An
example of the proposed system (N = 2), as shown in Fig. 4(a),
mainly consists of a dc voltage source, a high-frequency inverter,
aproposed SLC, arectifier, Lp, Lg, Cp, Cg2, and adc load Ry,pc.
Ri,pc and Ry, satisfy

Ripc = (7°Ry)/8. (14)

L1 shown in Fig. 3 is replaced by the combination of Lg and
Cgs, Where

Cs2 =1/ (w’Lg — w?Ly) . (15)

The circuit model of the system is shown in Fig. 4(b). Rpg
is the equivalent on-state resistance of the inverter MOSFETS,
and Up is the forward voltage of the rectifier diode. Ry ,,
R72.n, Rz3,n, and Rs,, are the ESRs of Zy ,,, Z> p, Z3.,, and
Sn, respectively. Uy (Up) is the input (output) voltage of the
inverter. Ur, (Uoy) is the input (output) voltage of the rectifier.
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Fig. 3.  Circuit model of the proposed SLC.
High-frequency o
inverter i=Ly} Rectifier
DC t 4
Un— Ripc
Uout

RS/: Z}./! RZ}./I2U|_)
Zop U

Ry

Rz 5
I,

Fig. 4. SLC-based IPT system. (a) System. (b) Circuit model.
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Fig.5. Calculated system efficiency with/without considering the power losses

caused by the inverter, the SLC, and the rectifier (the parameters for the
calculation are list in Table II).

Ip, Ig, and I, are the currents carried by Lp, Lg, and Zs,,
respectively. Up, Uy, Ip, Is, and Iy, are the phasors of Up,
Uy, Ip, Is, and I, respectively.

The efficiency 71 of the proposed system can be expressed
as

nr = P./ (Pos + Pp+Ps+Pr+ Pp + PL) (16)

where P, is the load power, and Ppgs, Pp, Ps, Pr, and Pp are
the power losses caused by the inverter, the transmitting coil, the
receiving coil, the SLC, and the rectifier, respectively. Py,, Pps,
Pp, Py, P, and Pp can be calculated according to Chen et al.
[19]. In the calculation, the ESRs of the switches are considered
as a constant resistance. The ESR Ry, (Rc,) of the inductor
L, (capacitor C,) of the SLC is estimated by assuming that the
quality factor of the inductor (capacitor) is QOr, (Qc)

RLz - WLz/QLa RCm - 1/ (WCIQC) .

In Fig. 5, the peak points A and B of the efficiency curves are
impacted by Ppg, Pt, and Pp. Thus, considering the power

7)
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[Set Uw, Q1. Oc, N, Ry, and initialize n=1]
l Calculate Z;, jocording to (13) }17
4% Calculate %1, Cop, Ly

[ Estimate the ESRs of Ly, Ca, Ls,

Calculate the peak point (Rp, , #1ops) 0f the curve
that #r, versus Ry according to KVL and (16)

Fig. 6. Design process of the proposed system.
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Fig. 7.  Prototype of the proposed SLC-based IPT system.

losses can help to achieve a precise design of the proposed
system.

According to the aforementioned analysis, we can add a curve
7Ty versus Ry, by adding a switch S,,, a capacitor C ,,, and an
inductor Ly3 ,; the peak point (Rp,, NToptn) Of the curve can
be shifted by regulating Z; ,,. Thus, based on a given SS IPT
system, the SLC design method is shown in Fig. 6.

IV. EXPERIMENT
A. Experiment Prototype

The system in Fig. 4(a) is carried out to verify the theoretical
analysis, as shown in Fig. 7. Two air circuit breakers are used
as the switches. Two aluminum sheets are applied to reduce
the leakage of the electromagnetic field. The airgap is 20 cm.
The design and measured parameters of the system are listed in
Table II.

B. Experimental Results

In the experiment, Ury is regulated to keep Upytr = 72 V.
Fig. 8 shows the experimental waveforms of Up, Ip, Uy, and
Iy,. When Ry pc varies, (Up and Ip) and (Uy, and Iy,) maintain
in the same phase, the system keeps resonant, and no reactive
power is introduced.

Fig. 9 shows the system efficiency 7s and Upn versus Rrpc
(ns here is defined as the ratio of the load power Py, to the input
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TABLE 1T
PARAMETERS OF THE PROPOSED ITP SYSTEM FOR THE EXPERIMENT
Parameter Value | Parameter Value | Parameter Value
UL 72V | L 30.9uH | Rixn 54.6mQ
QL 600 L32 673}1H ch 8.3mQ
Oc 5000 | Cp 5.08nF | Rcsa 5.2mQ
N 2| Cs 6.23nF | Rca 41.8mQ
Ripc {20,160}Q | Cy 81.67nF | Rca 19.4mQ
) 100kHz | C» 37.47n0F | Rs; 8mQ
M 58.8uH | Rip 372mQ | Rsy 8mQ
Lp 495.6uH | Ris 382mQ | Rps 80mQ
Ls 503.4uH | Ruis 33.9mQ | Up 1.4V
B U R W -[Sustdiv] [Sus/div]

\ T B{SATav ] | Uel100V/div]  B[5A/div]

/dl\/ Iy SA/dn

P

TL[5A/div]

A
U, [100V/div]

[]
1[10
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Fig. 8. Experimental waveforms. (a) S1 ON, R,pc = 20 €. (b) S2 ON,
Ripc = 160 Q.
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Fig. 9. ns and Uin versus Rupc (MsExp is @ measured efficiency; nscal

is a calculated efficiency with considering the power losses of the inverter, the
rectifier, Rr,p, RLs, RL31, RL32, Rep, Resz, Ro21, Re22, Rs1, and Rs2).

power Py of the inverter). When Sy is ON, 9ope1 1 achieved
at 18 ), which is near to R,pc1 = 20 € (259.2 W) and smaller
than the original optimal dc load resistance Rypcopt = 55 2
[RLDCopt 18 calculated according to (1), (14), and (16)]; when
S 1S ON, Nopt2 is achieved at 160 €2, which is equal to Rypc2
= 160 € (32.4 W) and is larger than Ry, pcopt. It indicates that
with the proposed SLC, a given Ry, a larger or smaller resistance
than Ry op¢, can be transformed into Ryope. When Rpc =20
(160 ), ng with S; (S2) ON is 92.4% (93.4%), 8.1% (13.3%)
higher than ng with So (S1) ON. Besides, if the switches are
altered at 45 €2, the proposed system can maintain 7g>90.0%
with Ry pc€[8, 500] (2. Fig. 11 shows the power losses of the
proposed system.

C. Discuss

Fig. 10 shows the transient process when the switches are
altered. The whole process takes about 3.4 s and has a little
adverse impact on the reefer containers for which cutting off the
power supply for such a short term is admitted.

When S7 (S2) is ON, Rrpc = 20 Q (160 ), the calculated
efficiency ngp,c of the SLC is about 99.24% (99.72%), which
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TABLE III
COMPARISON AMONG DIFFERENT WORKS

Proposed in [13] [14] [15] [16] [17] [18] This work
Frequency 13.56MHz 13.56MHz 13.56MHz 8~12MHz 85kHz 100kHz 100kHz
Transmitter coil 400mm 300mm 19~68cm 60cm 20cm 310mm 40cm
Receiver coil 400mm 300mm 19~68cm 60cm 20cm 310mm 40cm
Air gap 0~80cm 6~43cm 10~100cm 0~200cm 7.6cm 85mm 20cm
Coupling coefficient / 0.05~0.25 / 0.1/0~1 0.2 0.179 0.118
Load resistance / / / / 30~500Q 0.82~223Q 8~500Q
Output Power Max 1W Max 8W Max 50mW / 110~420W Max 10W 10~648W
Efficiency 38~88% 85% 48%~92% 4.9~90% | 94.5~95.3% 89~92.6% | 90.0~93.4%
Total number of switches 7 23 8 12 2 3 2
Total number of capacitors 11 21 10 2 3 5 4
Total number of inductors/coils 1 4 10 14 4 3 4
N“mb"(rn‘l’;fr‘l’z‘r‘:iiswfgr creating | oo myn | 2[loga(nt 1)) 1 1 1 >1 1
Ci‘;’t‘i‘:;ro‘r’l‘;‘ﬁzﬁ‘t:::;"r (lognyn | 2[loga(m+1))/n 1 0 05 >1 1
Numbf:r of inductors/coils for 0 / 1 1 1 <1 1
creating one more curve
VSPD (W/dm®) 0.67 6.26 0.02 / 342.02 52.08 134.66
GSPD (W/kg) 1.68 17.20 0.04 / 101.94 22.78 49.70
Rya / / / / 0.029 0.010 0.017
Specially designed coils No No Yes Yes Yes Yes No
Reactive power Yes Yes Yes Yes Yes Yes No

Note: n is the total number of the efficiency-load curves.

V] 5

TA/T
@)=~3. 4s

Fig. 10.  Transient process at R,pc = 45 Q ((D) S1 ON, S3 OFF; (2) first, turn
OFF the dc voltage source; second, turn S; OFF, turn S2 ON; and last, turn ON the
dc voltage source; and @ S1 OFF, S3 ON).

8.82%(2.08W) 49.17%(11.59W) il inverter

I Coupler
B RLCL

14.64%(3.45w) I Rectifier

27.37%(6.45W)

Fig. 11.
20 Q).

Calculated power losses of the proposed system (S1 ON, Ri,pc =

is higher than that, e.g., <94% in [8], of a traditional dc—dc
converter.

To show the performance of the proposed method, volumetric
specific power density (VSPD), gravimetric specific power
density (GSPD), and volt-ampere (VA) volume rate Rya are
defined as

_ Pour
VAtotal

where Proy is the output power of the system, Vigtal, Giotals
and VAiota are the total volume, weight, and VA volume of the
system, respectively (the volumes and the weights of the power
source, the inverter, the rectifier, and the load are not taken into
consideration because the comparison focuses on comparing
the performances of the switchable-circuit topologies).

Table III lists the comparison among different works. The
methods in [17] and [18] require specially designed coils. Thus,

aspp = £ out.,

total

vspD = 2 out.

total

Rya (18)

compared with these methods, the coil design of the proposed
system is easier. However, VSPD, GSPD, and Ry of this letter
are smaller than that of Mai et al. [17]. For creating once
more efficiency-load curve, the cost of switches and passive
components in this letter is higher than those in [13], [14],
[16], and [17]. However, the reactive power, which increases the
power loss and heat, is not introduced by the proposed system.
Thus, the proposed method can provide an expandable option
for efficiency improvement for an IPT system.

Besides, the methods in [13]-[18] focus on improving the
system efficiency in a continuous large load resistance range or
a large air gap range. However, the load resistances of a reefer
container vary discretely among a few IRPs, and the container
is static during operation. Therefore, for the reefer container
application, improving the efficiency in a continuous large load
resistance range or a large air gap range is unnecessary. Based
on this view, the proposed method tries to use a few additional
components to optimize efficiency without introducing reactive
power. Thus, the proposed method is suitable for the reefer
container application.

V. CONCLUSION

In this letter, an SLC-based IPT system is proposed to improve
the system efficiency for reefer container wireless charging. The
SLC can transform a given load resistance (a larger or smaller
resistance than the OLR) into the OLR without introducing
extra reactive power. Besides, only a switch, an inductor, and
a capacitor are required for creating one more efficiency curve.
The experimental results show that the proposed system can
gain the system efficiency >92.4% at the IRPs (20 2, 259.2 W)
and (160 €2, 32.4 W). Future works may consider using fewer
switches and passive components for high-efficiency power
transfer. For example, integrating Co 1—C2 n (L3 1—L3, n) into
a multiple-tap capacitor (inductor) can further decrease the
number of passive components.



1258

(1]

(2]

(3]

(4]

[3]

(6]

(71

(8]

[91

[10]

REFERENCES

J. Park et al., “A resonant reactive shielding for planar wireless power
transfer system in smartphone application,” IEEE Trans. Electromagn.
Compat., vol. 59, no. 2, pp. 695-703, Apr. 2017.

F. Lu et al., “A tightly coupled inductive power transfer system for low-
voltage and high-current charging of automatic guided vehicles,” IEEE
Trans. Ind. Electron., vol. 66, no. 9, pp. 6867-6875, Sep. 2019.

U. K. Madawala and D. J. Thrimawithana, “A bidirectional inductive
power interface for electric vehicles in V2G systems,” IEEE Trans. Ind.
Electron., vol. 58, no. 10, pp. 4789-4796, Oct. 2011.

Y. Li et al., “A new coil structure and its optimization design with
constant output voltage and constant output current for electric vehicle
dynamic wireless charging,” IEEE Trans. Ind. Informat., vol. 15, no. 9,
pp. 5244-5256, Sep. 2019.

Y. Tang, Y. Chen, U. K. Madawala, D. J. Thrimawithana, and H. Ma, “A
new controller for bidirectional wireless power transfer systems,” I[EEE
Trans. Power Electron., vol. 33, no. 10, pp. 9076-9087, Oct. 2018.

G. A. Covic, J. T. Boys, M. L. G. Kissin, and H. G. Lu, “A three-phase
inductive power transfer system for roadway-powered vehicles,” IEEE
Trans. Ind. Electron., vol. 54, no. 6, pp. 3370-3378, Dec. 2007.

J. H. Kim et al., “Development of 1-MW inductive power transfer system
for a high-speed train,” IEEE Trans. Ind. Electron., vol. 62, no. 10,
pp. 6242-6250, Oct. 2015.

H. Li, J. Li, K. Wang, W. Chen, and X. Yang, “A maximum efficiency
point tracking control scheme for wireless power transfer systems using
magnetic resonant coupling,” IEEE Trans. Power Electron., vol. 30, no. 7,
pp. 3998-4008, Jul. 2015.

W. X. Zhong and S. Y. R. Hui, “Maximum energy efficiency tracking for
wireless power transfer systems,” IEEE Trans. Power Electron., vol. 30,
no. 7, pp. 4025-4034, Jul. 2015.

K. Colak, E. Asa, M. Bojarski, D. Czarkowski, and O. C. Onar, “A novel
phase-shift control of semibridgeless active rectifier for wireless power
transfer,” IEEE Trans. Power Electron., vol. 30, no. 11, pp. 6288-6297,
Nov. 2015.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Y. Zhang, T. Kan, Z. Yan, and C. C. Mi, “Frequency and voltage tuning
of series—series compensated wireless power transfer system to sustain
rated power under various conditions,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 7, no. 2, pp. 1311-1317, Jun. 2019.

Y. Li, W. Dong, Q. Yang, J. Zhao, L. Liu, and S. Feng, “An automatic
impedance matching method based on the feedforward-backpropagation
neural network for a WPT system,” IEEE Trans. Ind. Electron., vol. 66,
no. 5, pp. 3963-3972, May 2019.

Y. Lim, H. Tang, S. Lim, and J. Park, “An adaptive impedance-matching
network based on a novel capacitor matrix for wireless power trans-
fer,” IEEE Trans. Power Electron., vol. 29, no. 8, pp.4403—4413,
Aug. 2014.

T. C. Beh, M. Kato, T. Imura, S. Oh, and Y. Hori, “Automated impedance
matching system for robust wireless power transfer via magnetic resonance
coupling,” IEEE Trans. Ind. Electron., vol. 60, no. 9, pp. 3689-3698,
Sep. 2013.

J. Kim and J. Jeong, “Range-adaptive wireless power transfer using
multiloop and tunable matching techniques,” IEEE Trans. Ind. Electron.,
vol. 62, no. 10, pp. 6233-6241, Oct. 2015.

Z. Dang, Y. Cao, and J. A. Abu Qahouq, “Reconfigurable magnetic
resonance-coupled wireless power transfer system,” IEEE Trans. Power
Electron., vol. 30, no. 11, pp. 6057-6069, Nov. 2015.

R. Mai et al., “Optimization of time-weighted average efficiency for
reconfigurable IPT battery charging system,” [EEE Access, vol. 7,
pp. 4309243099, 2019.

W. Zhong and S. Y. Hui, “Reconfigurable wireless power transfer systems
with high energy efficiency over wide load range,” IEEE Trans. Power
Electron., vol. 33, no. 7, pp. 6379-6390, Jul. 2018.

Y. Chen et al., “Variable-parameter T-circuit-based IPT system charging
battery with constant current or constant voltage output,” /IEEE Trans.
Power Electron., vol. 35, no. 2, pp. 1672-1684, Feb. 2020.




<<
  /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 true
  /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


