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Letters

A Switchable-LCL-Circuit-Based IPT System With High Efficiency for
Reefer Containers

Yefei Xu , Ruikun Mai , Senior Member, IEEE, Wei Liu , Shuaishuai Pan, Yang Chen , Member, IEEE,
Zhengyou He , Senior Member, IEEE, Yong Li , Member, IEEE, and Udaya Kumara Madawala, Fellow, IEEE

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 Ω can be transformed into the OLR 55 Ω; the proposed
system can gain the system efficiency >92.4% at the IRPs (20 Ω,
259.2 W) and (160 Ω, 32.4 W).

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

I. INTRODUCTION

R EEFER containers play an essential role in the cold-chain
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

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 RLopt, which can achieve the optimal efficiency ηopt,
can be expressed as

RLopt =

[√
RPRS(ωM)2 + (RPRS)

2

]
/RP (1)

where RP = RLP+RCP, RS = RLS+RCS. RLP, RLS, RCP, and
RCS are the equivalent series resistors (ESRs) of the transmitting

Fig. 2. Circuit model of a general LCL circuit.

coil LP, the receiving coil LS, and the compensation capacities
CP and CS, respectively. M denotes the mutual inductance
between LP and LS. ω is the operating angular frequency. When
the load resistance RL deviates from RLopt, the system efficiency
will decrease.

B. Analysis of LCL Circuit

A general LCL circuit consists of an ac power source UTI, an
ac load RL, two inductors L1, L3, and a capacitor C2, as shown
in Fig. 2. UTI (UL) is the phasor of the source (load) voltage
UTI (UL). ITI (IL) is the phasor of the source (load) current
ITI (IL). Z1, Z2, and Z3 are the impedances of L1, C2, and L3,
respectively. The LCL circuit is designed to operate at ω. Thus,
we can obtain

Z2 = −Z1, Z3 = Z1. (2)

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

UTI

0

]
=

[
Z1 + Z2 − Z2

−Z2 Z2 + Z3 +RL

]
�
[
ITI

IL

]
. (3)

By substituting (2) into (3), and solving (3), ZTI, the input
impedance of the LCL circuit, is derived as

ZTI = −Z1
2/RL. (4)

By adopting a proper Z1, RL is transformed into ZTI, which
can be a smaller or larger value than RL. Besides, ZTI 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 RL into RLopt, namely ZTI =
RLopt, Z1 should satisfy the equation as follows:

Z1 =
√−RLRLopt. (5)

For a given LCL circuit, Z1 is constant. Thus, only a given
RL can be transformed into RLopt. However, the load resistance
RLn of a reefer container varies among several IRPs RL = {RL1,
RL2, …, RLN} (N is the number of the IRPs). Thus, ηopt cannot
always be achieved. To maintain ηopt, Z1 should be dynamically
regulated to a proper value in corresponding to RLn.

III. OPTIMAL IMPEDANCE MATCHING BY SLC

A. Analysis of SLC

To transform any RLn�RL into RLopt, the corresponding SLC
is proposed in Fig. 3. C2 and L3 of the LCL circuit in Fig. 2 are
divided into N parts, C2,1–C2,N and L3,1–L3,N. The capacitor
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C2,i (1 ≤ i ≤ N) is compensated by the inductor L3,i. Switches
S1–SN 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 Sn (1 ≤ n ≤ N) is ON, the impedances of the
three branches of the SLC can be expressed as

Z1,n = jωL1 +

N∑
i=n+1

1

jωC2,i
(6)

Z2,n =

n∑
i=1

1

jωC2,i
(7)

Z3,n =

n∑
i=1

jωL3,n. (8)

The SLC is designed to operate at ω. Then, we can obtain

Z2,n = −Z1,n, Z3,n = Z1,n. (9)

By combining (6)–(9), L1, C2,1–C2,N, and L3,1–LL3,N can be
solved as

L1 = Z1,N/ (jω) (10)

L3,i =

{
Z1,1/ (jω) i = 1[
Z1,i − Z1,(i−1)

]
/ (jω) i ∈ [2, N ]

(11)

C2,i =

{−1/ (jωZ1,1) i = 1
−1/

{
jω

[
Z1,i − Z1,(i−1)

]}
i ∈ [2, N ]

. (12)

Only a switch Sn, a capacitor C2,n, and an inductor LL3,n are
needed to provide one more efficiency curve where IRP RLn is
transformed into RLopt. When the switch Sn (1 ≤ n ≤ N) is ON,
to transform RLn into RLopt, Z1,n should satisfy the following
equation:

Z1,n = j
√

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,
a proposed SLC, a rectifier, LP, LS, CP, CS2, and a dc load RLDC.
RLDC and RL satisfy

RLDC = (π2RL)/8. (14)

L1 shown in Fig. 3 is replaced by the combination of LS and
CS2, where

CS2 = 1/
(
ω2LS − ω2L1

)
. (15)

The circuit model of the system is shown in Fig. 4(b). RDS

is the equivalent on-state resistance of the inverter MOSFETs,
and UD is the forward voltage of the rectifier diode. RZ1,n,
RZ2,n, RZ3,n, and RSn are the ESRs of Z1,n, Z2,n, Z3,n, and
Sn, respectively. UIN (UP) is the input (output) voltage of the
inverter. UL (UOUT) is the input (output) voltage of the rectifier.

Fig. 3. Circuit model of the proposed SLC.

Fig. 4. SLC-based IPT system. (a) System. (b) Circuit model.

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, IS, and IL are the currents carried by LP, LS, and Z3n,
respectively. UP, UL, IP, IS, and IL are the phasors of UP,
UL, IP, IS, and IL, respectively.

The efficiency ηT of the proposed system can be expressed
as

ηT = PL/ (PDS + PP+PS+PT + PD + PL) (16)

where PL is the load power, and PDS, PP, PS, PT, and PD are
the power losses caused by the inverter, the transmitting coil, the
receiving coil, the SLC, and the rectifier, respectively. PL, PDS,
PP, PS, PT, and PD 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 RLx (RCx) of the inductor
Lx (capacitor Cx) of the SLC is estimated by assuming that the
quality factor of the inductor (capacitor) is QL (QC)

RLx = ωLx/QL, RCx = 1/ (ωCxQC) . (17)

In Fig. 5, the peak points A and B of the efficiency curves are
impacted by PDS, PT, and PD. Thus, considering the power
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Fig. 6. Design process of the proposed system.

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
ηTn versus RL by adding a switch Sn, a capacitor C2,n, and an
inductor LL3,n; the peak point (RPn, ηToptn) of the curve can
be shifted by regulating Z1,n. 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, UIN is regulated to keep UOUT = 72 V.
Fig. 8 shows the experimental waveforms of UP, IP, UL, and
IL. When RLDC varies, (UP and IP) and (UL and IL) maintain
in the same phase, the system keeps resonant, and no reactive
power is introduced.

Fig. 9 shows the system efficiency ηS and UIN versus RLDC

(ηS here is defined as the ratio of the load power PL to the input

TABLE II
PARAMETERS OF THE PROPOSED ITP SYSTEM FOR THE EXPERIMENT

Fig. 8. Experimental waveforms. (a) S1 ON, RLDC = 20 Ω. (b) S2 ON,
RLDC = 160 Ω.

Fig. 9. ηS and UIN versus RLDC (ηSExp is a measured efficiency; ηSCal

is a calculated efficiency with considering the power losses of the inverter, the
rectifier, RLP, RLS, RL31, RL32, RCP, RCS2, RC21, RC22, RS1, and RS2).

power PIN of the inverter). When S1 is ON, ηTopt1 is achieved
at 18 Ω, which is near to RLDC1 = 20 Ω (259.2 W) and smaller
than the original optimal dc load resistance RLDCopt = 55 Ω
[RLDCopt is calculated according to (1), (14), and (16)]; when
S2 is ON, ηTopt2 is achieved at 160 Ω, which is equal to RLDC2

= 160 Ω (32.4 W) and is larger than RLDCopt. It indicates that
with the proposed SLC, a given RL, a larger or smaller resistance
than RLopt, can be transformed into RLopt. When RLDC = 20 Ω
(160 Ω), ηS with S1 (S2) ON is 92.4% (93.4%), 8.1% (13.3%)
higher than ηS with S2 (S1) ON. Besides, if the switches are
altered at 45 Ω, the proposed system can maintain ηS>90.0%
with RLDC�[8, 500] Ω. 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 S1 (S2) is ON, RLDC = 20 Ω (160 Ω), the calculated
efficiency ηSLC of the SLC is about 99.24% (99.72%), which
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TABLE III
COMPARISON AMONG DIFFERENT WORKS

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

Fig. 10. Transient process at RLDC = 45 Ω ( 1© S1 ON, S2 OFF; 2© first, turn
OFF the dc voltage source; second, turn S1 OFF, turn S2 ON; and last, turn ON the
dc voltage source; and 3© S1 OFF, S2 ON).

Fig. 11. Calculated power losses of the proposed system (S1 ON, RLDC =
20 Ω).

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 RVA are
defined as

VSPD =
POUT

Vtotal
; GSPD =

POUT

Gtotal
; RVA =

POUT

VAtotal
(18)

where PTOU is the output power of the system, Vtotal, Gtotal,
and VAtotal 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,

compared with these methods, the coil design of the proposed
system is easier. However, VSPD, GSPD, and RVA 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 Ω, 259.2 W)
and (160 Ω, 32.4 W). Future works may consider using fewer
switches and passive components for high-efficiency power
transfer. For example, integrating C2,1–C2,N (L3,1–L3,N) into
a multiple-tap capacitor (inductor) can further decrease the
number of passive components.
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