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Abstract—Inductive power transfer (IPT) systems designed with
conventional methods offer optimum performance only at specific
operational points. These methods are not applicable for dynamic
IPT systems where both the coupling and load change through-
out the operation. This study proposes a novel particle swarm
optimization (PSO)-based parameter design method and aims to
obtain a steady output voltage regardless of the coupling and load.
The proposed method addresses the constraints of the conven-
tional methods where the compensation capacitors/inductors are
designed to resonate with certain other inductors/capacitors at the
system’s operational frequency. The S/CLC (primary series, sec-
ondary capacitor–inductor–capacitor) compensation topology is
chosen in this research as it offers many appealing characteristics.
The procedure to design an IPT system using the proposed method
is presented. Two IPT systems, one designed with the proposed
scheme and the other using conventional methods, are theoretically
and experimentally compared in terms of fitness, voltage variation
ripple (VVR), and power transfer efficiency (PTE). It is demon-
strated that the fitness and the VVR of the conventional system are
1400.8% and 372.3% higher than those of the proposed system.

Index Terms—Inductive power transfer (IPT), load-independent
output voltage, misalignment tolerance, particle swarm
optimization (PSO), S/CLC compensation topology.

I. INTRODUCTION

TANSFERRING power using conductors has many chal-
lenges in niche applications, such as dynamic electric ve-

hicle charging, biomedical implants, and underwater electrical
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devices. In order to increase the flexibility of electricity trans-
mission, inductive power transfer (IPT) is proposed. It provides
many attractive characteristics, such as avoidance of bulky ca-
bles, availability of galvanic isolation, more degrees of opera-
tional freedom, weather proofing, low maintenance, and higher
safety. In addition, IPT has also been employed in consumer
electronics, home appliances, coal mine equipment, robotic sys-
tems, and solar array drive assembly [1]–[3].

The development of IPT technology has been greatly affected
by advancements in the power electronics industry. However,
several challenges still hinder widespread deployment of IPT
technologies. First, the output voltage or current is sensitive to
relative displacement between the transmitter and receiver pads,
and load variations. Next, the power transfer efficiency (PTE) is
quite low when the air gap is relatively large, especially when
the system size is strictly constrained. Third, the system size is
not as small as expected. This shortcoming stops its deployment
in applications where miniature system size is a precondition.
Finally, impacts on human health and safety are poorly under-
stood, especially for the IPT systems that use extremely high
frequencies. This is a major concern from the consumers’ stand-
point.

This paper focuses only on the first challenge owning to the
following two reasons. On one hand, the biggest advantage of
IPT technologies is their superior operational freedom com-
pared to the conventional wired power transfer systems. If the
output voltage or current cannot be regulated well at misaligned
conditions, this advantage no longer exists. Therefore, the ef-
fectiveness of an IPT system is drastically reduced. On the other
hand, the PTE is becoming higher by utilizing new and high-
performance devices; the system sizes are getting smaller due to
high operational frequencies; the safety issues are gaining more
attention, and a wide variety of methods have been proposed
to address the undesirable effects related to electromagnetic
radiation.

Researchers attempted to overcome the first challenge from
various angles. Several studies proposed novel compensation
topologies, which are immune to load variations. Topologies
possessing the characteristic of load-independent output volt-
age or current include double-sided LCC [4], double-sided
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Fig. 1. Compensation topologies offering the characteristic of load-
independent output voltage or current. (a) Double-sided LCC. (b) Double-sided
LCL. (c) LC/S. (d) S/LCC. (e) S/CLC. (f) S/SP.

LCL [5], LC/S [6], S/LCC [7], S/CLC [8], and S/SP [9]. For
the sake of clarity, these compensation topologies are dis-
played in Fig. 1, where the compensation components are
highlighted with blue symbols and labels. The letters “L,”
“C,” “S,” and “P” denote “inductor,” “capacitor,” “series,” and
“parallel,” respectively. The symbol “/” is the demarcation be-
tween the primary side and the secondary side. The character-
istic of load-independent output voltage or current only holds
when the operational coupling coefficient is equal to the de-
signed coupling coefficient. Apparently, this condition cannot be
guaranteed in all cases.

Several investigations attempted to improve the stability of
the output power against coupling variations by improving
the conventional parameter selection methods [10]–[12]. As a

result, various novel parameter design methods were proposed.
The IPT systems designed with these new methods offer much
higher tolerance to misalignments. However, these schemes do
not adequately address output power variations against coupling
variations in the case of varying loads. For a practical system,
the output power should be steady within a given tolerance for
the entire range of coupling and load variation.

Apart from proposed compensation topologies and parame-
ter design methods, some investigations took strides to solve
this issue by constructing high-misalignment magnetic struc-
tures. Numerous novel structures, including double-D (DD) and
double-D and quadrature (DDQ) coupler [13], bipolar (BP)
pad [14], unsymmetrical circular coil pad [15], multithread
rectangle-shaped coil [16], tetrahedron-type pickup mechanism
[17], three-dimensional (3-D) orthogonal ferrite coils [18], and
asymmetric coil sets [19], are put forward. In order to obtain a
steady output voltage or current, a suitable magnetic coupling
structure is necessary. Even though the authors firmly believe in
this requirement, magnetic design is excluded from this paper
due to space limitations.

Pre-regulation dc–dc converters on transmitter side and
post-regulation dc–dc converters on receiver side are the two
most frequently utilized methods to reduce the output voltage
ripple against the coupling coefficient and load resistance.
Nevertheless, wireless communication between the primary and
secondary sides is required if a pre-regulation converter is em-
ployed. Accordingly, the cost of the IPT system increases, and
the dynamic performance of the IPT system deteriorates. These
two drawbacks can be overcome if a post-regulation converter
is deployed. However, even with this feature, the other three
common disadvantages of pre- and post-regulation converters
exist. The first disadvantage is increased system cost and
weight. This disadvantage becomes more prominent when the
transferred power is increased. The second disadvantage is re-
duced PTE. The coupling coefficient and the input voltage of the
post-regulation converter vary significantly in dynamic IPT ap-
plications. Therefore, the PTE of the converter is relatively low.
The last disadvantage is decreased system reliability. An extra
power stage needs to be inserted into the IPT system. This affects
the reliability adversely, especially in the case of wide variation
in input voltage. If a post-regulation converter is employed,
energization of the control circuit is a significant challenge,
especially at the startup stage. An extra dc–dc module, and a
dedicated integrated chip (or a microprocessor) are required in
this case.

Moreover, some investigations exploited variable inductor or
capacitor for dynamic regulation of the output voltage or current.
This, in essence, is a control strategy to achieve desirable perfor-
mance [20], [21]. In addition to this particular control scheme,
many other strategies are used in IPT systems. To the best of
the authors’ knowledge, control solutions are the final steps to
obtain highly robust output voltage or current. The purpose of
this paper is to derive the optimal values of the compensation
parameters that would result in smallest voltage ripple without
requiring any control circuit while the coupling and load are
varied. Development of control scheme is not explored in this
paper.
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Theoretical analysis and experimental results in [8] indicate
that the S/CLC compensation topology provides the characteris-
tic of load-independent output voltage if the system is operated
at the designed coupling coefficient. Even if the system is not
operated at the designed coupling coefficient, the voltage devi-
ation is quite small. This has been verified by Pspice simulation
in the paper. The S/CLC topology also provides the advan-
tages of loosely coupled transformer (LCT)-unconstrained out-
put voltage, zero phase angle (ZPA), and zero voltage switching
(ZVS) and requires relatively less compensation components. If
the output voltage of an IPT system can be altered by only
changing the compensation parameters, such as the S/CLC-
compensated system in [8], the resulting IPT system is regarded
as an LCT-unconstrained system, and it would provide the char-
acteristic of LCT-unconstrained output voltage. In contrast, if
the output voltage of an IPT system cannot be altered by only
changing the compensation parameters, it can be altered by em-
ploying a new LCT with different parameters and by changing
the compensation parameters, such as the S/SP-compensated
system in [9]. This IPT system is regarded as an LCT-
constrained system, which does not offer the characteristic of
LCT-unconstrained output voltage. Considering the earlier dis-
cussion, S/CLC is chosen as the compensation topology in this
paper.

Conventionally, the compensation parameters of the S/CLC-
compensated IPT system are designed on the basis of LC
(inductor-capacitor) resonance. However, the performance of
the IPT system designed using conventional methods may not
be optimal because the coupling and load change during oper-
ation. In order to obtain the optimal values of the compensa-
tion parameters, an exhaustive search algorithm can be adopted.
Nevertheless, four parameters need to be determined, which
means the number of the possible solutions is very large. In
order to obtain a solution with sufficient accuracy, the count
of the possible solutions for each parameter should be large
enough. Assuming each parameter has 500 possible solutions,
the number of the combination of the four parameters (each
combination of the four parameters is a possible solution) is
as large as 6.25 × 1010 . Therefore, it is impractical to derive
the optimal solution with an exhaustive search algorithm. Com-
pared to an exhaustive search algorithm, the particle swarm
optimization (PSO) algorithm requires much smaller computa-
tion. In addition, it is relatively intuitive to understand and easy
to implement. Therefore, this method is employed in this study
to identify the optimal compensation parameters.

The remaining sections of this paper are organized as fol-
lows. Section II gives an overview of the S/CLC compensation
topology. The circuit structures and the conventional parame-
ter tuning methods are also introduced. The PSO algorithm is
firstly explained in Section III. The details regarding the em-
ployment of PSO algorithm into the compensation parameter
determination process are presented in this section as well. In
order to illustrate the superiority of the PSO-based parameter
design method, two systems, one designed with the PSO-based
approach, and the other relying on conventional methods, are
comprehensively compared in Section IV. The theoretical re-
sults are verified by a set of experiments. The prototype and

Fig. 2. Circuit diagram of an S/CLC-compensated IPT system.

Fig. 3. Analytical circuit of the S/CLC-compensated IPT system.

the experiments are presented in Section V. In the final section,
several conclusions are drawn.

II. OVERVIEW OF THE S/CLC COMPENSATION TOPOLOGY

Fig. 2 shows the circuit diagram of an S/CLC-compensated
IPT system, which is mainly composed of three parts: 1) dc
voltage source and full-bridge inverter; 2) compensation topol-
ogy and LCT; and 3) rectifier, filter, and resistor (RFR). Uin is
the dc input voltage. Q1 − Q4 are four switches, which form
a full-bridge inverter. The instantaneous output voltage of the
inverter is uAB. C1 , C2 , L1 , and C3 make up the S/CLC compen-
sation topology. LP , LS , and k are the primary self-inductance,
secondary self-inductance, and coupling coefficient of the LCT,
respectively. D1 − D4 are four diodes, constituting a diode rec-
tifier bridge. The instantaneous input voltage of the rectifier is
uab. LF and CF are, respectively, filter inductor and capacitor.
RL is the resistive load.

Replacing the first part with an alternating current (ac) voltage
source UAB and substituting an ac equivalent resistance RE for
the third part, the analytical circuit of the S/CLC-compensated
IPT system can be obtained, as shown in Fig. 3. The LCT in
Fig. 2 is replaced by its T-type model, which is highlighted with
gray shading. Here, LPL, L′

SL, and L′
M are the primary leakage

inductance, the secondary leakage inductance, and the mutual
inductance, respectively. The parameters with the symbol “′”
are referred to the primary side. UAB and U ′

ab are the root-mean-
square (RMS) values of the fundamental harmonics of uAB and
uab, respectively. For simplicity, C ′

2 is split into two parts as C ′
2a

and C ′
2b . It is worth noting that the split is done mathematically,

not physically. In practice, only one capacitor, C2 , is connected
in parallel with LS . The correlations between the parameters
shown in Fig. 3 and those in Fig. 2 are given by (1), wherein α
is the phase shift angle. It is set to zero in this paper. n denotes the
equivalent turns ratio from the secondary to primary. Detailed
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deduction of (1) is given in the Appendix
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

UAB =
[
2
√

2 · cos (0.5α) · Uin
]
/π

n =
√

LS /LP

LP L = L′
SL = (1 − k) LP

L′
M = kLP

C ′
2 = n2C2 = C ′

2a + C ′
2b

L′
1 = L1/n2

C ′
3 = n2C3

U ′
ab = π · URL/

(
2
√

2 · n)

R′
E = π2RL/

(
8n2

)
.

(1)

The equations for determining the compensation parameters
are duplicated here for clarity

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

L1 =
[
π2URL (1 − k)

√
LP LS

]
/ (8Uin )

C1 = 1/
[
ω0

2 (1 − k) LP

]

C2 = 1/
[
ω0

2 (1 − k) LS

]
+ 1/

(
ω0

2L1
)

C3 = kLS C2 +(1−k)LS C2 b

ω0
2 kL1 LP C2 a

− 8LS tan(θ)
π 2 ω0 LP RL

.

(2)

Here, URL is the desired dc voltage over the resistive load
RL . ω0 is the system’s operational angular frequency. θ is the
designed input impedance angle. The expressions of C2a and
C2b are given as follows:

{
C2a = 1/

[
ω0

2 (1 − k) LS

]

C2b = 1/
(
ω0

2L1
) . (3)

C1 is tuned to resonate with LPL at ω0 . C1 and LPL form
the series resonant tank. C2a is tuned to resonate with LSL

at ω0 . They make up the LC resonant tank, which converts the
constant input voltage ULM into constant output current I ′LC . C2b

is tuned to resonate with L1 at ω0 . C2b and L1 constitute the CL
resonant tank, which converts the constant input current I ′LC into
constant output voltage U ′

ab. C3 is employed to adjust the input
impedance. Detailed interpretation of the S/CLC-compensated
IPT system can be found in [8].

III. APPLYING PSO INTO S/CLC-COMPENSATED IPT SYSTEMS

It is impractical to derive the optimal solution of the four
compensation parameters with an exhaustive search algorithm
due to the requirement of extraordinarily large amount of com-
putation. Hence, PSO algorithm is utilized in this paper. A brief
introduction to the PSO algorithm and its application in this
specific problem are given later.

A. Brief Introduction to PSO Algorithm

James Kennedy and Russell Eberhart first proposed the PSO
method in 1995 [22], [23]. This approach was inspired by the
Boids model presented in [24]. Later in 1998, Yuhui Shi and
Russell Eberhart proposed a modified PSO by introducing iner-
tia weight parameter in the original PSO to enhance its efficiency
and effectiveness [25]. PSO algorithm is a stochastic evolution
method that is based on swarm intelligence. It has been widely

accepted as an efficient heuristic procedure for optimization
problem in a continuous and multidimensional search space. It
provides the advantages of fast convergence, lower computa-
tional cost, and insensitivity to the dimensions of the optimiza-
tion problem [26]–[29]. A brief introduction to the fundamental
operational principles of the PSO algorithm is given here.

The PSO algorithm is developed by simulating social be-
haviors. A population of individuals exists in the algorithm. In
order to make the statement intuitive, these individuals are as-
sumed to be a school of flying birds. These birds endeavor to
find the global fittest position, which is the optimal solution of
the problem, by cooperation and competition among the birds
themselves through generations. Each bird adjusts its flying
path in light of its own flying experience, and its companions’
flying experience. Each bird is termed as a “particle,” which
is abstracted into a point in a D-dimensional space (solution
space). The coordinates of the ith particle are represented by
XI = (xi1 , xi2 , . . . , xiD ). They indicate the potential solution
to the D-dimensional optimization problem. The best previous
position (the position gives the best fitness value) of each par-
ticle is recorded and denoted as pbestI = (pi1 , pi2 , . . . , piD ).
The best previous position of all particles is recorded and repre-
sented as gbest = (g1 , g2 , . . . , gD ). Moreover, the rate of the
position change, which is termed as velocity in PSO algorithm,
for particle i is denoted as VI = (vi1 , vi2 , . . . , viD ). The parti-
cles are manipulated using (4) and (5)

VI (t + 1) = ω (t)VI (t) + c1r1 [pbestI (t) − XI (t)]

+ c2r2 [gbest (t) − XI (t)] (4)

XI (t + 1) = XI (t) + VI (t + 1) (5)

where t is the current generation. ω is called the inertia weight
parameter, which is varied with t. r1 and r2 are two random
numbers uniformly distributed in the range of 0 and 1. c1 and
c2 are two acceleration constants. The second part of (4) is the
“cognition” part, which represents the private thinking of the
particle itself. The third part of (4) is the “social” part, which
represents the collaboration among the particles. Hence, c1 is
defined as the cognitive acceleration coefficient, while c2 is
defined as the social acceleration coefficient.

Equation (4) is used to calculate the particle’s new velocity
according to its previous velocity and the distances of its current
position from its own best previous position and the group’s best
previous position. Then the particle flies toward a new position
using (5). The velocity of each particle is constrained within the
range [Vmin Vmax], and the position is limited within the range
[Xmin, Xmax]. The performance of each particle is measured by a
predefined fitness function, which is generally the optimization
objective. The algorithm updates the equations iteratively until
a predetermined maximum generation is met.

Fig. 4 gives a straightforward and intuitive description of the
optimization process of PSO. The outermost circle (blue solid
line) is the boundary of the D-dimensional solution space. XI (t)
represents the position of particle i, while t stands for the current
generation. T is the predetermined maximum generation. g(t)
denotes the global best position of all tth-generation particles.
The global best positions are specially marked with small hollow
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Fig. 4. Optimization process of PSO algorithm.

circles whereas the other positions are commonly marked with
small solid circles. The color of the markers, both solid and
hollow, indicates the generation of the particles. In particular,
the black small circles denote the first-generation particles while
the green small circles denote the second-generation particles,
and so on. The evolution paths of six particles are given in Fig. 4.
The evolution paths of other particles are not presented for the
sake of brevity. The circle plotted with dashed line represents
the boundary of the global best position of tth generation.

B. Applying PSO in Determining Compensation Parameters

1) Optimization Function: Four parameters (C1 , C2 , C3 ,
and L1) need to be determined for an S/CLC-compensated IPT
system. Therefore, determination of these parameters can be
abstracted into a four-dimensional optimization problem. The
optimization function is given as follows

F = min

⎡

⎣
Nk∑

i=1

NR L∑

j=1

(fU + fI1 + fI2 + fI3)

⎤

⎦ + fZVS (θ) (6)

where

fU = {URL [k (i) , RL (j)] − URL−D}2 (7)

fI1 = {ILP [k (i) , RL (j)] /Cadj−LP }2 (8)

fI2 = {ILS [k (i) , RL (j)] /Cadj−LS }2 (9)

fI3 = {IL1 [k (i) , RL (j)] /Cadj−L1}2 (10)

fZVS (θ) =

{
Cpu , θ < 0◦

0, θ ≥ 0◦.
(11)

Nk and NRL are the numbers of sampling points of the cou-
pling coefficient k and resistive load RL . The sampling inter-
vals are set to be constant in this study. Therefore, the sam-
pling intervals of k and RL are (kmax − kmin)/(Nk − 1) and

(RLmax − RLmin)/(NRL − 1), where kmax, kmin, RLmax, and
RLmin are the maximum and the minimum coupling coefficients
and resistive loads, respectively. k(i) and RL (j) stand for the ith
k and the jth RL , respectively. URL [k(i), RL (j)] represents the
load voltage corresponding to a coupling coefficient of k(i) and
a resistive load of RL (j). URL−D is the designed load voltage,
which is a predetermined constant. fU is similar to the variance
of the load voltage. However, fU is not divided by the numbers
of the sampling points. ILP[k(i), RL (j)], ILS[k(i), RL (j)], and
IL1 [k(i), RL (j)] are the RMS currents flowing through LP , LS ,
and L1 , respectively. Cadj-LP, Cadj-LS, and Cadj-L1 are the three
adjustment constants. The bigger the adjustment constants, the
lesser the importance of the corresponding current. θ is the input
impedance angle. If θ is bigger than or equal to zero (which indi-
cates an inductive load or a resistive load seen from the inverter),
ZVS can be achieved. Otherwise, ZVS cannot be realized, and a
punishment constant Cpu is added to the optimization function.
In order to guarantee the achievement of ZVS operation, Cpu

should be sufficiently large.
The optimization function contains three different objectives.

The first objective is related to the load voltage ripple. The sec-
ond objective is associated with the current stresses across the
inductors. Finally, the third objective is to achieve ZVS opera-
tion. The current stresses across the inductors are involved in the
optimization function because they greatly impact the PTE. The
primary objective of this study is to develop an IPT system that
ensures steady load voltage while the coupling and load change.
However, the PTE should be kept at a relatively high level. Oth-
erwise, the significance of this study will be compromised. The
reason for including fZVS(θ) in the optimization function is to
attain higher PTE and to simplify the thermal design.

2) Determination of the Solution Space and Maximum and
Minimum Velocities: The determination of the solution space
is very important. If the space is too small, the optimal solution
may not be included. If the space is too large, the search for the
optimal solution will be difficult. According to the statement
in [8], the performance of the S/CLC-compensated IPT system,
which is tuned according to (2) and (3), is passable. Hence,
the solution space of this study will be derived on the basis of
the solution obtained with the conventional parameter tuning
method. The solution space is determined as follows:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

C1−min = C1−con/CRA−C 1 , C1−max = CRA−C 1C1−con

C2−min = C2−con/CRA−C 2 , C2−max = CRA−C 2C2−con

C3−min = C3−con/CRA−C 3 , C3−max = CRA−C 3C3−con

L1−min = L1−con/CRA−L1 , L1−max = CRA−L1L1−con
(12)

where C1−con , C2−con , C3−con , and L1−con are the solutions ob-
tained with the conventional parameter tuning method. CRA-C 1 ,
CRA-C 2 , CRA-C 3 , and CRA-L1 are the four constants determining
the times that the corresponding parameters are reduced and
amplified. They should be determined according to the practical
constraints of the components of the compensation system. Take
the compensation inductor for an example. Its inductance should
be in a reasonable range. It cannot be extremely large because of
constrains, such as cost, weight, and size. Meanwhile, it cannot
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have a negative value, which disqualifies this as an inductor.
The practical constraints of the compensation components are
not very specific. Only general ranges of C1 , C2 , C3 , and L1
can be determined. However, the proposed PSO-based method
is insensitive to the solution space. The optimal solution can
be acquired under a general solution space. C1−con , C2−con ,
C3−con , and L1−con can be calculated using (13). kave is the
average coupling coefficient equaling (kmin + kmax)/2. C3−con

is computed in the case of zero input impedance angle

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

L1−con =
[
π2URL (1 − kave)

√
LP LS

]
/ (8Uin)

C1−con = 1/
[
ω0

2 (1 − kave) LP

]

C2−con = 1/
[
ω0

2 (1 − kave) LS

]
+ 1/

(
ω0

2L1
)

C3−con = ω0
2 kav e (1−kav e )L1 LS

2 C2 +(1−kav e )2 LS
2

ω0
2 kav e L1

2 LP
.

(13)

The maximum and minimum velocities, Vmax and Vmin, are
simply derived on the basis of the solution space. Without loss
of generality, Vmin is set to be the opposite of Vmax. Vmax is de-
termined using (14). The velocities corresponding to the diverse
compensation parameters are unequal because the ranges of
these parameters are quite different. NC 1 , NC 2 , NC 3 , and NC 4
are the four positive integers. The greater NC 1 , NC 2 , NC 3 , and
NL1 are, the smaller the maximum velocities of the swarms, the
poorer the capability of breadth search, and hence, the slower
the convergence. However, greater NC 1 , NC 2 , NC 3 , and NL1
indicate stronger capability of deep search as smaller maximum
velocities are more beneficial to fine search in the vicinity of
the current position. Therefore, moderate NC 1 , NC 2 , NC 3 , and
NL1 , neither very large nor very small, are more suitable for the
proposed PSO-based method. The coefficient ω(t), which varies
throughout the optimization, is employed to solve the contra-
diction between the capability of breadth and deep search. The
expression of ω(t) will be given later

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Vmax−C 1 = (C1−max − C1−min) /NC 1

Vmax−C 2 = (C2−max − C2−min) /NC 2

Vmax−C 3 = (C3−max − C3−min) /NC 3

Vmax−L1 = (L1−max − L1−min) /NL1 .

(14)

3) Variation of Inertia Weight Parameter Throughout
the Optimization: As stated earlier, the inertia weight param-
eter, ω(t), is introduced into the PSO to enhance its efficiency
and effectiveness. The time-variant inertia weight parameter is
adopted in this study. The expression of ω(t) with respect to t is
shown in (15). T is the predetermined maximum generation and
t is the current generation. ωstart and ωend, respectively, denote
the start and the end inertia weight parameters

ω (t) =
T − t

T
· (ωstart − ωend) + ωend . (15)

4) Correction Law for Particle Velocity and Position: The
velocity and position of the particle should be corrected if they
are outside of their respective ranges. Diverse correction laws
are employed in different studies. For the sake of clarity, the

Fig. 5. Flowchart describing each step of the optimization.

correction laws utilized in this paper are given as follows:

Vcorr =

⎧
⎪⎨

⎪⎩

Vmax , Vorig > Vmax

Vorig , Vmin ≤ Vorig ≤ Vmax

Vmin , Vorig < Vmin

(16)

Xcorr =

⎧
⎪⎨

⎪⎩

Xmax ,Xorig > Xmax

Xorig ,Xmin ≤ Xorig ≤ Xmax

Xmin ,Xorig < Xmin .

(17)

Vcorr and Xcorr represent corrected velocity and position,
respectively, whereas Vorig and Xorig stand for original ve-
locity and position. Every time the particle velocity and po-
sition are updated using (4) and (5), the resultant particle
velocity and position should be checked instantly in terms
of (16) and (17).

5) Complete Process of Applying PSO into Compensation
Parameter Design: In order to make the optimization process
clearer, a flowchart describing each step of the optimization is
given in Fig. 5. Based on this flowchart, a MATLAB program is
written and the optimal solution is subsequently derived. More
details are presented in the next section.

Two aspects regarding the proposed PSO-based method need
to be highlighted here. First, the results derived by the pro-
posed method may be local optima because the IPT system is
not proved to be a convex system. The optimization is highly
complex, making the proof extremely difficult. The modified
PSO algorithms and other intelligent algorithms with stronger
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TABLE I
PARAMETERS RELATED TO SYSTEM DESIGN

TABLE II
CONSTRAINTS RELATED TO THE PSO ALGORITHM

capability of convergence to a global optimal position will be
employed in the future. Second, the results derived by the pro-
posed method are affected by initial condition and solver con-
straints. Therefore, the parameters utilized in the PSO algorithm
should be adjusted to proper values. The optimization should be
executed more than once, and the best solution among these op-
timized solutions should be ultimately selected. The influence
of the initial condition can be significantly reduced by multiple
optimizations.

IV. COMPARISON BETWEEN THE CONVENTIONAL AND

PSO-BASED PARAMETER DESIGN METHODS

A. Practical Case

The parameters that are necessary for the system design are
given in Table I. The range of the coupling coefficient varies
in different applications. The maximum coupling coefficient in
most IPT applications is no more than 0.5. The minimum cou-
pling coefficient in medium- and high-power IPT applications
is generally designed to be larger than 0.1 in order to obtain rel-
atively high PTE. The range of coupling coefficient, from 0.2 to
0.4, is selected with various IPT systems incorporated. Substi-
tuting these parameters (as shown in Table I) into (13), L1−con ,
C1−con , C2−con , and C3−con can be calculated as 134.66 μH,
48.26 nF, 74.14 nF, and 73.24 nF, respectively.

The constants relating to the PSO algorithm utilized in
this study are listed in Table II. In terms of (12), (14), and
Table II, as well as previously obtained L1−con , C1−con ,
C2−con , and C3−con , the solution space and the maxi-
mum velocities are obtained. These are C1 ∈ [8.04, 289.56]nF,
C2 ∈ [12.36, 444.84]nF, C3 ∈ [12.21, 439.44]nF, L1 ∈ [22.44,
807.96]μH , Vmax-C 1 = 1.41 nF, Vmax-C 2 = 2.16 nF, Vmax-C 3 =
2.14 nF, and Vmax-L1 = 3.93 μH.

For each set of system parameters, the input impedance an-
gle, the load voltage, and the currents flowing through the three
inductors can be readily calculated using fundamental circuit
principles. The fitness (optimization function) can then be ob-
tained. The profile of fitness with respect to particle generation is

Fig. 6. Profile of fitness with respect to particle generation.

Fig. 7. Load voltage versus coupling coefficient and resistive load when the
compensation parameters derived by the proposed PSO method are employed.

shown in Fig. 6. The original fitness is as large as 1.476 × 105 ,
whereas the final fitness is only 701.7. It is evident that the com-
pensation parameters have been remarkably optimized. The final
compensation parameters are: C1 = 37.14 nF, C2 = 107.35 nF,
C3 = 155.96 nF, and L1 = 61.02 μH. It is very important to
note the specific values of the fitness results presented in Fig. 6,
including the original fitness of 1.476 × 105 and the optimized
fitness of 701.7, are only applicable for the particular case. How-
ever, the downward trend of the fitness with respect to particle
generation is applicable for all situations. Moreover, the opti-
mized value of the fitness should be close to 707.1, at least at the
same order of magnitude. It is highly possible that the original
value of the fitness is quite different from 1.476 × 105 . Never-
theless, it is very unlikely that the original value of the fitness is
very small as the original positions of the swarms are randomly
arranged.

With the aforementioned four compensation parameters, as
well as other necessary parameters listed in Table I, the load
voltage versus coupling coefficient and resistive load can be
acquired, as shown in Fig. 7. The minimum load voltage is
68.67 V when k and RL are, respectively, 0.4 and 50 Ω. The
maximum load voltage is 77.76 V when k and RL are, respec-
tively, 0.296 and 100 Ω. The voltage variation ripple (VVR) is
only 6.21% when the coupling and load variation ratios are both
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Fig. 8. Current flowing through L1 versus coupling coefficient and resistive
load when the compensation parameters derived by the proposed PSO method
are employed.

200% (k increases from 0.2 to 0.4 while RL increases from 50 to
100 Ω). The definition of VVR is given by (18), where URL-max

and URL-min are the maximum and the minimum load voltages,
respectively

VVR =
URL−max − URL−min

URL−max + URL−min
× 100%. (18)

Fig. 8 exhibits the profile of IL1 versus k and RL . The varia-
tion trends of IL1 with respect to RL and k are highly similar to
those of URL . IL1 reaches its maximum, 7.23 A, when RL and
k are 100 Ω and 0.296, respectively. This current is relatively
large for a 110 W (752/50 = 112.5 W) IPT system. If the sec-
ond part of the optimization function (fI1 + fI2 + fI3) is not
incorporated, the largest IL1 will be larger than 20 A. Hence,
it can be concluded that the current flowing through L1 is sig-
nificantly reduced due to the inclusion of fI1 + fI2 + fI3 in
the optimization function. More importantly, IL1 can be further
reduced using a smaller Cadj-L1 . Nevertheless, it is achieved at
the expense of bigger VVR. The main purpose of this study is to
acquire an IPT system that exhibits high tolerance to misalign-
ment and load variations. Therefore, Cadj-L1 is not set too small.
Similar conclusions can be derived for ILP and ILS. However,
due to space limitations, these are not discussed in detail.

B. Explanation for Low VVR

The VVR of the proposed IPT system versus the coupling
coefficient and the load resistance is quite small, as shown in
Fig. 7. A series of circuit diagrams are employed to explain
the low VVR, as shown in Fig. 9. The dc voltage source and
the full-bridge inverter in Fig. 2 are replaced by a sinusoidal
voltage source UAB in Fig. 9(a). Besides, the rectifier, the filter,
and the resistor are substituted with an equivalent resistance
RE . Fig. 9(b) is the equivalent circuit of Fig. 9(a) where the
LCT is substituted by its T-type model, and all the components
in the secondary are referred to the primary. The Δ-shaped
network in Fig. 9(b) (C ′

2 , L′
1 , and C ′

3) is transformed into the
Y-shaped network in Fig. 9(c) (C ′

2−1 , L′
1−1 , and C ′

3−1). For the
sake of clarity, both the Δ- and Y-shaped networks are circled

Fig. 9. Circuit diagrams to explain low VVR. (a) Simplified circuit of Fig. 2.
(b) Equivalent circuit of (a) where all the components in the secondary are
referred to the primary. (c) Equivalent circuit of (b) where the Δ-shaped network
is substituted with a Y-shaped network. (d) Equivalent circuit of (c) where the
Δ-shaped network is substituted with a Y-shaped network. (e) Equivalent circuit
of (d) where the T-type network is replaced by LC and CL resonant networks.

by magenta dashed line. L′
SL and C ′

2−1 in Fig. 9(c) can be
replaced by an equivalent capacitor C ′

eq. The Δ connection of
L′

M , C ′
eq, and L′

1−1 in Fig. 9(c) is further transformed into the Y
connection of L′

M −1 , C ′
eq−1 , and L′

1−2 in Fig. 9(d). C1 , LPL, and
L′

M −1 can be substituted by an equivalent inductor Leq-L. L′
1−2 ,

and C ′
3−1 can be substituted by an equivalent inductor Leq-R. The

T-type network in Fig. 9(d), which consists of Leq-L, C ′
eq−1 , and

Leq-R, is then converted to LC (Leq-L, Ceq-L) and CL (C ′
eq−1 −

Ceq-L, L′
eq-R) resonant networks, as shown in Fig. 9(e). The total

impedance of L′
eq-R and Ceq-R should equal the impedance of

Leq-R in order to make the conversion valid.
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The parameters of the LCT utilized in Fig. 9 are the same as
those given in Table I, i.e., LP = 103.79 μH, LS = 104.12 μH,
kmin = 0.2, and kmax = 0.4. The values of the four compensation
parameters are identical to those derived with the proposed PSO
method. C ′

2 , L′
1 , C ′

3 , and C ′
2−1 , L′

1−1 , C ′
3−1 are constant in the

operation. Fig. 10(a) displays the impedance of Leq-L, Leq-R, and
C ′

eq−1 , represented by XLeq-L, XLeq-R, and X ′eq−1
C , respectively,

with respect to coupling coefficient. XLeq-L, XLeq-R, and X ′eq−1
C

all increase when the coupling coefficient is increased. The
increase ratio of X ′eq−1

C (25.19/12.59–1 = 100.08%) is very
close to the increase ratio of XLeq-L (38.61/19.71–1 = 95.89%)
when the coupling coefficient increases from 0.2 to 0.4. This is
very important for the stability of Uab.

The voltage gain of UCL to UAB, denoted as GCL/AB, can be ob-
tained as Ceq-L/(C ′

eq−1 − Ceq-L) in terms of the constant voltage
to constant current (CV-CC) characteristic of the LC resonant
network, and the constant current to constant voltage (CC-CV)
characteristic of the CL resonant tank. The profile describing
the variation of GCL/AB with respect to the coupling coefficient
is shown in Fig. 10(b). GCL/AB almost does not vary when the
coupling coefficient increases from 0.2 to 0.4. Therefore, UCL

keeps steady in the whole operating range of the coupling co-
efficient. The steady UCL is resulted from close increase ratio
of X ′eq−1

C and XLeq-L, in essence. It can be readily verified that
UCL will be constant regardless of the coupling coefficient if the
increase ratio of X ′eq−1

C is exactly equal to that of XLeq-L.
Uab can be yielded via dividing mod(- jXCeq-R + R′

E ) by
UCL R′

E, where mod(·) represents the module of an impedance
and XCeq-R is the impedance of Ceq-R. The variation of the
voltage division factor RVD, defined as the ratio of R′

E to
mod(- jXCeq-R + R′

E ), versus coupling coefficient is also pre-
sented in Fig. 10(b). Owing to a relatively large value of R′

E ,
RVD varies little when k increases from 0.2 to 0.4. The voltage
gain of Uab to UAB (Gab/AB) equals the product of GCL/AB and
RVD. It is also displayed in Fig. 10(b), and it hardly varies with
the coupling coefficient. The three profiles in Fig. 10(b) are all
acquired in the case of RL = 50 Ω.

GCL/AB is irrelevant to the load resistance RL , but RVD and
Gab/AB are associated with it. Fig. 10(c) and (d), respectively,
present the variation of RVD and Gab/AB versus coupling co-
efficient under different RL . The variation of RVD and Gab/AB

becomes smaller when RL is increased. In other words, the pro-
posed IPT system provides better misalignment tolerance under
the condition of greater load resistance. The VVR is quite small
even though RL lies in its minimum value (50 Ω). On the basis
of the analysis presented earlier, it can be concluded that the low
VVR is essentially resulted from close increase ratio of X ′eq−1

C
and XLeq-L, as well as a relatively large value of R′

E in contrast
to XCeq-R. It should be noted that the voltage gain Gab/AB does
not equal the voltage gain GRL/in, which is defined as the ratio
of URL to Uin. Using (1), GRL/in equals the product of Gab/AB

and (8/π2).

C. Comparison with the Conventional IPT System

The proposed IPT system is compared with the conventional
system from three aspects: fitness, VVR, and PTE. The key

Fig. 10. Profiles associated with the VVR versus coupling coefficient.
(a) Impedance of Leq-L, Leq-R, and C ′

eq−1 . (b) Voltage gains GCL/AB and
Gab/AB and voltage division factor RVD. (c) Voltage division factor RVD under
different RL . (d) Voltage gain Gab/AB under different RL .
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Fig. 11. Fitness of the conventional IPT system with respect to the designed
coupling coefficient.

Fig. 12. Load voltage of the conventional IPT system with respect to coupling
coefficient and resistive load.

parameters utilized in the conventional IPT system, including
Uin, URL-D, f0 , LP , LS , kmin, kmax, RLmin, and RLmax, should
be equal to those employed in the proposed IPT system. With
regard to a particular designed coupling coefficient, the com-
pensation parameters of the conventional IPT system can be
computed using (2) and (3). The fitness can then be derived.
Fig. 11 shows the fitness curves against the designed coupling
coefficient. With the increase of the designed coupling coeffi-
cient, the fitness drops initially, and increases subsequently. The
minimum fitness, 10 531, is obtained when the designed cou-
pling coefficient is 0.365. Nevertheless, it is 15 times as large
as the fitness of the proposed IPT system, implying significant
performance improvements of the proposed system.

The load voltage of the conventional IPT system with respect
to the coupling coefficient and resistive load is displayed in
Fig. 12. The profile is obtained when the designed coupling
coefficient equals 0.365. The highest load voltage, 93.69 V, is
achieved when k and RL are 0.256 and 100 Ω, respectively. The
lowest load voltage, 50.99 V, is acquired when k and RL are 0.2
and 50 Ω, respectively. In terms of (18), VVR is computed as
29.51%, which is 375.2% larger than its counterpart (6.21%).

Fig. 13. Current flowing through L1 of the conventional IPT system when
the coupling coefficient and the resistive load are varied.

From this point of view, the proposed IPT system performs
much better than the conventional IPT system.

Fig. 13 shows the current flowing through L1 (IL1) when
the coupling coefficient and the resistive load are varied. The
maximum and minimum values of IL1 are 4.26 and 2.45 A, re-
spectively. On the one hand, the current stress across L1 of the
conventional system is smaller than that of the proposed system.
On the other hand, the compensation inductance utilized in the
conventional system (115.14 μH) is larger than that employed in
the proposed system (61.02 μH). Consequently, the power loss
of L1 for these two systems are close. It is hard to obtain the
accurate power loss of a ferrite-core inductor due to many com-
plex factors, such as skin effect, proximity effect, and fringing
effect. The efficiency comparison between these two systems is
discussed in Section V.

V. EXPERIMENTAL VERIFICATION AND FURTHER DISCUSSION

Two IPT prototypes are built to verify the correctness of the
previously proposed theoretical analysis. One of them is de-
signed with the conventional parameter design method, which
is called the conventional prototype hereafter. The other is de-
signed with the PSO-based method, and it is called the pro-
posed prototype. Apart from the four compensation parameters,
the remaining parameters of the conventional and the proposed
prototypes are identical. Therefore, only the photo of the pro-
posed prototype is given in Fig. 14. Two dc voltage sources are
employed. One of them is used to power the drive circuit while
the other is used to energize the main circuit. The primary drive
printed circuit board (PCB) and the primary compensation PCB
are separated in order to improve the flexibility of the proto-
type. A circular planar coil is utilized in this study as it is being
employed in a wide range of applications globally.

The compensation parameters employed in the conventional
and the proposed IPT systems are tabulated in Table III. In
order to cancel out the voltage drop on various components,
which are not incorporated in previous theoretical analysis, Uin

is increased to 54 V in the verification experiments. The types of
the inverter switch and the rectifier diode are SPW35N60CFD
and MBR302000PT, respectively. The other key parameters,
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Fig. 14. Proposed prototype, where primary and compensation are abbreviated
as pri. and comp., respectively.

TABLE III
KEY PARAMETERS EMPLOYED IN THE CONVENTIONAL AND

PROPOSED IPT SYSTEMS

including f0 , LP , LS , kmin, kmax, RLmin, and RLmax, are listed
in Table I.

The voltage and current waveforms across each power stage
of the proposed system are shown in Fig. 15. These waveforms
are captured in the case that RL and k equal 50 Ω and 0.2, re-
spectively. The input and output voltage and current are shown
in Fig. 15(a). The input and output power in this case is 126.4
and 97.3 W, respectively, indicating a PTE of 77%. Fig. 15(b)
displays the gate-source and drain-source voltages of a
MOSFET belonging to the lagging leg of the H-bridge inverter.
UDS decreases to zero before the increase of UGS. Therefore,
ZVS operation is achieved. The output voltage of the inverter, as
well as the voltage and current across LP , is shown in Fig. 15(c).
ILP is relatively large for an IPT system whose input voltage
and output power are 50 V and 110 W, respectively. This is
attributed to a relatively large Cadj-LP. The most significant ob-
jective of this study is the lowest VVR against the variations in
coupling coefficient and load resistance. Hence, Cadj-LP is set to
be relatively large. ILP can be reduced by employing a smaller
Cadj-LP. Fig. 15(d) displays the voltages and currents across LS

and L1 . ILS is moderate, whereas IL1 is relatively large. The
essential reason for large IL1 is relatively large Cadj-L1 . ILS can
be reduced by utilizing a smaller Cadj-L1 . However, the VVR
versus coupling coefficient and load resistance will increase in
this case.

The experimental results of the proposed system are shown
in Figs. 16 and 17. With regard to a specific resistive load,
the load voltage increases initially, and decreases later when
the coupling coefficient is increased. The voltage variation

Fig. 15. Voltage and current waveforms across each power stage of the pro-
posed system when RL and k equal 50 Ω and 0.2, respectively. (a) Input and
output voltage and current (Uin, Iin, URL , IRL). (b) Gate-source and drain-
source voltages (UGS, UDS). (c) Output voltage of H-bridge inverter (Uinv) and
voltage and current across LP (ULP, ILP). (d) Voltages and currents across LS

and L1 (ULS, ILS, UL 1 , IL 1 ).

(URL -max − URL-min) is about 7 V when the coupling increases
from 0.2 to 0.4. With regard to a specific coupling coefficient,
the load voltage increases with the load. The voltage variation is
around 4 V when the resistive load increases from 50 to 100 Ω.
Using (18), the practical VVR can be computed as 6.61%,
marginally larger than the theoretical value (6.21%). This
mismatch is caused by measurement errors and parasitic pa-
rameters. The proposed prototype provides acceptable tolerance
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Fig. 16. Measured load voltage of the proposed IPT system against the
coupling coefficient and resistive load.

Fig. 17. Measured PTE of the proposed IPT system against coupling
coefficient and resistive load.

to coupling and load variations. The variation of load voltage
is controlled within a small range even with 100% increase in
both the coupling and the load. The experimental results agree
well with the theoretical analysis. This demonstrates the effec-
tiveness of the proposed PSO-based parameter design method.

Fig. 17 depicts the measured PTE of the proposed IPT sys-
tem with respect to the coupling coefficient and resistive load. In
general, the PTE increases with the coupling coefficient when
the load is fixed, and it decreases with the load when the cou-
pling coefficient is fixed. Hence, the maximum PTE (88.7%) is
achieved when the load and the coupling coefficient are 50 Ω
and 0.4, respectively. The minimum PTE (61.1%) is achieved
when the load and the coupling coefficient are 100 Ω and 0.2,
respectively. For a 110-W IPT system fed by a 50-V dc voltage
source, the maximum PTE of 88.7% can be regarded as signif-
icantly high. The minimum PTE of 61.1% is also acceptable
because the load power is only about 47 W (see Fig. 16). More
importantly, the reduction of PTE is inevitable to keep the load
voltage steady.

Similar experiments are also carried out on the conventional
system. The results are shown in Figs. 18 and 19. The variation

Fig. 18. Measured load voltage of the conventional IPT system with respect
to coupling coefficient and resistive load.

Fig. 19. Measured PTE of the conventional IPT system with respect to
coupling coefficient and resistive load.

of the load voltage with respect to the coupling and the resis-
tive load is similar to that of the proposed system. Two distinct
differences can be observed by comparing Fig. 18 with Fig. 16.
First, the voltage variation of the conventional system is much
larger than that of the proposed system. The measured VVR of
the conventional system is 31.22%, which is 372.3% larger than
its counterpart in the proposed system. Second, for the conven-
tional system, the load voltage rapidly increases with the load
when the coupling coefficient is relatively small. On the con-
trary, for the proposed system, the load voltage rapidly increases
with the load when the coupling coefficient is relatively large.

Fig. 19 displays the PTE of the conventional system against
the coupling coefficient and the resistive load. In general, the
PTE increases initially, and decreases later when the coupling
coefficient is increased from 0.2 to 0.4. The highest PTE is
achieved around the designed coupling coefficient (0.365). In
the case of a relatively small coupling coefficient, PTE in-
creases with RL , but in the case of a relatively large coupling
coefficient, PTE decreases with RL . The biggest and smallest
PTEs are 88.2% and 80.3%, respectively. PTEmax of the conven-
tional system is slightly lower than that of the proposed system.
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However, PTEmin of the conventional system is much higher
than that of the proposed system. Thus, the conventional system
offers higher PTE than the proposed system. Despite this, the
proposed system is regarded as a better choice because the large
load voltage ripple of the conventional system can prohibit its
employment in many fields. The most important performance
index of this study is the load voltage ripple, rather than the PTE.
Novel methods to increase the PTE of the proposed system will
be exploited in near future.

The PSO-based parameter design method for an S/CLC-
compensated IPT system can be employed in the applications
where the coupling and the load change throughout the oper-
ation. The output voltage ripple can be significantly reduced
using the proposed method. Therefore, in some applications
where output voltage stability requirements are not strict, the
post-regulation dc–dc converter can be removed. For instance,
multifunctional cooktop, which can be used not only as a
common induction cooker, but also as a wireless powered
rice cooker. This is one typical example of such applications.
The cost, weight, volume, and reliability of the proposed
IPT system are superior to the conventional two-stage IPT
systems. It is very important to note that the target application
of the proposed method is not battery charging. The battery
is generally charged in constant current mode first, and in
constant voltage mode later. The IPT system designed with the
proposed method does not have the characteristic of constant
current output. Moreover, in order to extend the lifespan of a
battery, the charging voltage should be very steady in constant
voltage mode. The proposed IPT system cannot provide very
steady output voltage in the case of large coupling variation.

The proposed method has two limitations. First, the output
voltage ripple is not as small as desired when the coupling co-
efficient varies drastically. Second, the PTE is decreased when
the proposed method is employed. These two limitations can
be significantly improved by employing the proposed parameter
design method in conjunction with magnetic coupling optimiza-
tion. This is because smaller variation of coupling coefficient
indicates lower output voltage ripple and higher PTE. The main
reason for lower PTE of the proposed system is very high power
loss on the compensation inductor. In order to improve the PTE,
other compensation topologies without compensation inductor
can be employed.

VI. CONCLUSION

In order to obtain an IPT system that provides high tolerance
to both coupling and load variations, a novel PSO-based param-
eter design method is proposed in this article. It addresses the
limitations of the conventional parameter design methods where
the compensation capacitors/inductors are designed to resonate
with certain other inductors/capacitors at the system’s opera-
tional frequency. The S/CLC compensation topology is taken
as an example in this study because it provides many desirable
characteristics. However, it is very important to note that the pro-
posed PSO-based method can be utilized in any compensation
topology. Two comparative prototypes, one designed with the
proposed method and the other with the conventional method,

Fig. 20. Inverted input voltage uAB and the fundamental harmonic of
uAB (uA B −1 ).

Fig. 21. Equivalent model of the LCT.

are built and tested. The measured VVR of the proposed system
is only 6.61%, whereas the measured VVR of the conventional
system is as high as 31.22%. In both cases, the coupling coef-
ficient and the load resistance are doubled. The highest PTE of
the proposed system is 88.7%. It is quite high for a 110-W IPT
system as the input voltage is only 50 V. Experimental results
show good agreement with the theoretical analysis, verifying
the effectiveness of the proposed PSO-based method.

APPENDIX

EXPLANATION AND DERIVATION OF (1)

UAB is the RMS value of the fundamental harmonic of the
inverted input voltage uAB, as shown in Fig. 20. α represents
the phase shift angle, which is also marked in Fig. 20. The
expression of UAB can be readily deduced via Fourier decompo-
sition. More details regarding the derivation of UAB can be found
in [30].

Fig. 21 shows an equivalent model of the LCT. LP is separated
into two parts, LPL and LPM. They can be calculated using (19)
and (20), respectively. LPL represents the inductance generated
by the leakage flux, while LPM stands for the inductance resulted
from the interlinkage flux. Similarly, LS can also be split into
two parts, LSL and LSM. They can be computed using (21) and
(22), respectively. LSL and LSM are, respectively, the inductance
attributed to the leakage and interlinkage flux. LPL and LSL are
irrelevant to the coupling between the primary and secondary.
They can be regarded as general inductance. LPM and LSM are
fully coupled. A new parameter, k′, is introduced to reflect the
coupling between LPM and LSM. Apparently, it should equal
one. LPM and LSM make up an ideal transformer. The turns ratio
of the ideal transformer from the secondary to primary can then
be obtained using (23). It is the same as the second expression
of (1). L′

SL, L′
M , C ′

2 , L′
1 , and C ′

3 can be derived subsequently.
The derivation of these five parameters is very straightforward.
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Therefore, it is not presented in this paper

LPL = LP (1 − k) (19)

LPM = LP k (20)

LSL = LS (1 − k) (21)

LSM = LS k (22)

n =
√

LSM

LPM
=

√
LS

LP
. (23)

The equivalent resistance of the RFR circuit, RE , and the
input voltage of the H-bridge diode rectifier Uab are deduced
in [31]. The expressions of RE and Uab are duplicated in (24)
for convenient reading. RE and Uab are referred to the primary
in this study. RE should be divided by n2 while Uab should be
divided by n. The last two expressions in (1) are verified as well

{
RE = π 2

8 RL

Uab = π
2
√

2
URL.

(24)
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Rajasekar, “Particle swarm optimization based solar PV array reconfigura-
tion of the maximum power extraction under partial shading conditions,”
IEEE Trans. Sustain. Energy, vol. 9, no. 1, pp. 74–85, Jan. 2018.

[29] Q. Zhang, W. Liu, X. Meng, B. Yang, A. V. Vasilakos, “Vector coevolving
particle swarm optimization algorithm,” Inf. Sci., vol. 394–395, pp. 273–
298, 2017.

[30] A. V. Oppenheim, A. S. Willsky, and S. Hamid Nawab, “Fourier series
representation of periodic signals,” in Signals and Systems, 2nd ed. Upper
Saddle River, NJ, USA: Prentice-Hall, 1996, pp. 177–284.

[31] R. L. Steigerwald, “A comparison of half-bridge resonant converter
topologies,” IEEE Trans. Power Electron., vol. 3, no. 2, pp. 174–182,
Apr. 1988.

Yousu Yao (S’18) was born in Huai’an, Jiangsu,
China, in 1991. He received the B.S. degree in elec-
trical engineering in 2014 from the Harbin Institute
of Technology, Harbin, China, where he is currently
working toward Ph.D. degree.

His current research interests include inductive
power transfer, magnetic coupling structure design,
and wireless power and data transmission.

Dr. Yao the recipient of the Best Paper Award from
the 2017 IEEE Transportation Electrification Confer-
ence and Expo, Asia-Pacific (ITEC-AP 2017).



5282 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 6, JUNE 2019

Yijie Wang (S’09–M’15–SM’15) was born in
Heilongjiang Province, China, in 1982. He received
the B.S., M.S., and Ph.D. degrees in electrical en-
gineering from the Harbin Institute of Technology,
Harbin, China, in 2005, 2007, and 2012, respectively.

From 2012 to 2014, he was a Lecturer, and from
2014 to 2017, he was an Associate Professor with
the Department of Electrical and Electronics Engi-
neering, Harbin Institute of Technology, where since
2017, he has been a Professor. His current interests
include dc–dc converters, soft-switching power con-

verters, power factor correction circuits, digital control electronic ballasts, and
LED lighting systems. He is an Associate Editor of the IET Power Electronics
and the Journal of Power Electronics.

Dr. Wang is an Associate Editor of the IEEE TRANSACTIONS ON INDUS-
TRIAL ELECTRONICS, the IEEE JOURNAL OF EMERGING AND SELECTED TOPICS

IN POWER ELECTRONICS, and the IEEE ACCESS.

Xiaosheng Liu (M’14) was born in Qiqihar,
Heilongjiang, China, in 1966. He received the B.S.
and M.S. degrees in electrical engineering and the
Ph.D. degree in mechatronics engineering, all from
the Harbin Institute of Technology, Harbin, China, in
1988, 1993, and 1999, respectively.

Since 2006, he has been a Professor with the De-
partment of Electrical Engineering, Harbin Institute
of Technology. His current research interests include
power line communication and its routing methods,
communication networks and control technology, and

information and communication of smart grids.

Yu Pei was born in Kangping, Liaoning, China, in
1995. He received the B.S. degree in electrical en-
gineering in 2017 from the Harbin Institute of Tech-
nology, Harbin, China, where he is currently working
toward the M.S. degree in electrical engineering.

His current research interests include wireless
power transfer, magnetic coupling structure design,
and closed-loop control.

Dianguo Xu (M’97–SM’12–F’17) received the B.S.
degree in control engineering from the Harbin Engi-
neering University, Harbin, China, in 1982, and the
M.S. and Ph.D. degrees in electrical engineering from
the Harbin Institute of Technology (HIT), Harbin, in
1984 and 1989, respectively.

In 1984, he joined the Department of Electrical En-
gineering, HIT, as an Assistant Professor. Since 1994,
he has been a Professor in the Department of Elec-
trical Engineering, HIT. He was the Dean of School
of Electrical Engineering and Automation, HIT, from

2000 to 2010. He is now the Vice President of HIT. His current research inter-
ests include renewable energy generation technology, power quality mitigation,
sensorless vector-controlled motor drives, and high-performance PMSM servo
system. He has authored or coauthored over 600 technical papers.

Dr. Xu is an Associate Editor of the IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS, the IEEE TRANSACTIONS ON POWER ELECTRONICS, and the IEEE
JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS. He is
the Chairman of the IEEE Harbin Section. He is the recipient of the 2018 IEEE
Industry Applications Society Outstanding Achievement Award.

Xiufang Liu was born in Shenyang, Liaoning, China,
in 1982. She received the B.S. and M.S. degrees in
mechanical design and theory from the Northeast-
ern University, Shenyang, China, in 2003 and 2006,
respectively.

She is currently an Engineer in Shanghai
Aerospace Equipment Manufacturer Co., Ltd, Shang-
hai, China. Her current research interests include
ground test equipment (GTE) and novel sensors.



<<
  /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


