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A Misalignment-Tolerant Fractional-Order
Wireless Charging System With Constant Current or
Voltage Output

Chao Rong ', Bo Zhang

Abstract—Wireless charging of automated guided vehicles
(AGVs) has been widely used because of its high security and
convenience. However, due to the inevitable misalignment between
the coupling coils, the charging system cannot maintain the con-
stant current (CC) or constant voltage (CV) output. Therefore, this
article proposes a misalignment-tolerant fractional-order wireless
power transfer (FOWPT) system with CC or CV output. According
to the principle of the fractional-order autonomous circuit, the nat-
ural resonant frequency and operating frequency can be adjusted
adaptively with the change of transfer distance and load. Benefiting
from the frequency characteristics and the new implementation
method of the FOWPT, the system maintains CC and CV output,
and the horizontal and vertical misalignment tolerances are within
44.4% and 22.2%, respectively. Therefore, the proposed system
improves the freedom and convenience of charging, and provides
a new wireless charging solution for AGVs. Future article will
focus on more concise modeling and implementation methods of
fractional-order systems, and improving the performance of the
FOWPT.

Index Terms—Autonomous circuit, constant current (CC)/
voltage charging, fractional order, wireless power transfer (WPT).

NOMENCLATURE
w Operating frequency.
wi(w2) Primary (secondary) natural resonant frequency.
Ca1(Cqa2) Primary (secondary) pseudocapacitance.
C.1(Ce2) Fractional equivalent capacitance of C,1(Cg2).
aq(as) Fractional order of C,1(Cy2).
ac Critical fractional order.
Lg1(Lg2) Primary (secondary) pseudoinductance.
L.1(Leo) Fractional equivalent inductance of Lgi(Lg2).
£1(B2) Fractional order of Lg1(Lg2).
M Mutual inductance of the magnetic coupler.
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k Coupling strength of the magnetic coupler.
ko Critical coupling strength k¢.
Roa1(Rea2)  Equivalent resistance of Cp,1(Cp2).
Rig1(Rrg2) Equivalent resistance of Lgq(Lg2).
R{(R>2) Primary (secondary) internal resistance.
Rp Equivalent load resistance of the battery.
R;, Equivalent ac resistance of the rectifier.
Xoa1(Xca2) Equivalent reactance of C1(Cq2).
X131(Xrg2) Equivalent reactance of Lgi(Lg2).

Xm Equivalent reactance of M.

D Vertical distance.

p Horizontal offset distance.

Va4 Input dc voltage.

V Bref Constant charging voltage.

IBret Constant charging current.

P, Output power.

n Transfer efficiency.

nD dc—dc efficiency.

I. INTRODUCTION

ITH the development of technology, automated guided
W vehicle (AGV) has been applied in many fields [1]-[3].
Here, the battery stores and provides energy for the system. The
safety and effectiveness of its charging system are important to
the entire system. Compared with conventional wired charging
solutions, wireless power transfer (WPT) has higher reliability,
safety, and convenience, which can be applied in some extreme
environments and special conditions [4]. Therefore, WPT is
expected to become the most popular charging solution for AGV.
In order to improve the safety and service life of the battery,
constant current (CC) and constant voltage (CV) charging is
a typical charging solution [5]. This requires the WPT system
to keep CC or CV unchanged when the equivalent resistance
of the battery changes. In addition, the transfer distance is not
constant due to the inevitable misalignment. In order to greatly
improve the freedom and applicability of wireless charging, it is
also crucial to improve the misalignment tolerance of the WPT
system.

A number of new solutions has been proposed to achieve CC
and CV charging within a certain range, which can be classified
into inherent properties of geometry and closed-loop control
solutions. The geometry includes the structure of the coupled
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coils and the compensation topology. The magnetic field can
be uniformly distributed to improve the misalignment tolerance
by designing special coil structures, including DD [6], tri-polar
[7], array coils [8], and three-dimensional coils [9]. Although
the change of mutual inductance is greatly reduced, the mutual
inductance is still not strictly constant. Therefore, in the applica-
tion of wireless charging for AGV, the output accuracy of CC and
CV modes will be difficult to guarantee. In addition, high-order
compensation topology such as LCC compensation is another
popular method [10]. By constructing high-order compensation
with CC or CV output, load-independent WPT systems can be
realized. In addition, load-independent wireless charging can
also be realized by switching the compensation topology [11],
[12]. Benefiting from the special coil design and the recon-
figurable resonant circuit, the system can be flexibly switched
between CC and CV modes [12]. Meanwhile, by setting the
position of the relay coil, the desired values of output voltage and
current can be adjusted. This solution avoids complex control
strategies. However, CC or CV cannot be guaranteed when
the receiver moves during charging. The stability and security
need strict analysis and design because of the transient process
caused by the switching of compensation topology. With the
development of WPT, the combination of special coil structure
and hybrid compensation topology to achieve high misalignment
tolerance is also a good solution [13]. However, these solutions
face common problems such as large size, high cost, and low
output accuracy.

The closed-loop control solutions mainly include the addi-
tional dc—dc converter, phase-shift control, and frequency track-
ing technology. These solutions generally require load infor-
mation, which can be obtained by wireless communication or
parameter identification technology. With the help of wireless
communication channels, the simultaneous wireless power and
data transfer system can still maintain a stable output when
the transfer distance and load change [14]. However, there is
interference between the energy and data channel in practical
applications due to the inevitable coupling between coils. When
the transfer distance and the load continuously change, it will
reduce the data transfer stability and increase the bit error rate.
This may lead to the failure of dynamic charging. Meanwhile,
it is also not suitable for compact and lightweight receivers.
Another method is load identification [15], [16], which can be
based on the reflected impedance, frequency scanning, switching
capacitance, etc. This method needs to overcome the errors
introduced by the measurement noise and parameter tolerance.
Besides, different from the nonautonomous circuit systems with
fixed-frequency excitation sources, a PT symmetric WPT system
was proposed [17]. By constructing an inductive power transfer
(IPT) system that satisfies the PT symmetry, the system realizes
constant power in the PT-symmetry region. Although this system
requires a strict symmetry relationship of circuit parameters
and is very sensitive to the natural resonant frequency, it shows
another perspective on the WPT.

Therefore, exploring new mechanisms and perspectives of
WPT is a way to achieve the high misalignment-tolerant WPT
system. It is well known that the integer-order WPT system
has received much attention and research. However, more and
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more studies have focused on fractional-order systems, which
exhibit interesting characteristics [18]. In fact, the concept of
fractional calculus (FC) has been proposed almost simultane-
ously with classical calculus. FC can go back to Leibniz’s letter
in 1695 [19]. Due to the lack of background disciplines such
as physics, FC has been in pure mathematics for a long time.
Until 1823, Abel first applied FC to solve the integral equation
of the isochronous curve. Since then, FC provides an excellent
theory in many areas of research and has demonstrated the
incomparable advantages of integer-order systems in terms of
modeling and control [20]. For three centuries, the definitions
of FC were proposed by Liouville ef al. [21]. Recently, the
Riemann-Liouville definition is the most widely known defi-
nition of the fractional derivative, which is expressed as
dr,n—1<ov<n

Ldm [t fn)
F(ﬂ—v)dt"/a(t— 0

T)erlfn
where , Dy is equal to d"/dt", a is the initial time, 7 is an integer,
v is the order of the derivative, and I'(x) is the Gamma function.
In the zero-initial state, the Laplace transform of (1) can be
expressed as DV f(t) < sV F(s).

Applying FC, many new characteristics have been discovered
in the field of electronic circuits. It has been found that the
resonant frequency and impedance characteristics of fractional-
order LC circuits are different under different fractional orders
[22]. Then, benefiting from FC, a fractional-order wireless
power transfer (FOWPT) system was proposed, which employs
fractional-order capacitors (FOC) and fractional-order inductors
(FOI) [23]. Generally, FOWPT systems can be divided into
nonautonomous fractional-order systems with fixed-frequency
excitation sources and autonomous fractional-order systems
powered by fractional-order elements. Benefiting from the im-
plementation of fixed-frequency FOC [24], a nonautonomous
FOWPT system can realize load-independent CC output at
a fixed distance [25]. In terms of modeling of FOWPT, the
approximation method of coupled modes is mainly used to
simplify the analysis. Based on FC and the coupled mode
theory, a generalized fractional coupled model was proposed
in [26]. The dynamic characteristic of FOWPT was analyzed
for the first time, which revealed the difference in dynamic
response between fractional-order and integer-order systems.
However, the proposed model is complicated and difficult to
solve the generalized fractional-order coupled-mode equations,
which cannot be used in closed-loop control. In order to make the
model greatly simplified, an approximate coupled model based
on the Taylor series method was proposed in [27]. Under the
approximate conditions of weak coupling and high-quality fac-
tors, the Taylor series method is used to simplify the model of the
system. Since the model is limited by the above constraints, the
accuracy of the output characteristics and critical working region
obtained by this coupled model cannot be guaranteed. Therefore,
this model is limited in practical applications, especially in CC
or CV wireless charging. It is impossible to accurately realize
the output of CC or CV by primary-side-only control. Besides,
the accuracy of the fractional order and the realization of soft
switching need to be further studied.

oD} [ (t) =
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Fig. 1.  Simplified circuit diagram of the FOWPT.

It can be seen that the setting of approximate conditions
brings more inaccuracy. Meanwhile, those approximation con-
ditions also prevent some peculiar characteristics from being
discovered. On the other hand, high-precision fractional-order
elements need to be solved urgently. Therefore, the FOWPT with
application potential deserves more in-depth research. The main
motivation of this article is to propose a novel misalignment-
tolerant FOWPT system and its model and control strategy. The
main contributions are as follows:

1) A general FOWPT system is proposed, which is an au-
tonomous system. An accurate model of the FOWPT sys-
temis obtained, and frequency characteristics are analyzed
in detail.

2) Benefiting from the frequency characteristics of au-
tonomous fractional-order system, CC and CV output are
realized by primary-side-only control. The system has
high misalignment tolerance and good dynamic perfor-
mance.

3) An innovative implementation method of active FOC
based on the phase-shift control is proposed, which not
only greatly improves the accuracy and responsiveness of
FOC, but also realizes zero-voltage switching (ZVS).

4) By flexibly adjusting the fractional order, this system can
be applied to different types of receivers, and the charging
region can also be designed.

Knowing these descriptions in mind, this article is organized
as follows. Section II analyzes a general FOWPT system based
on the autonomous circuit theory. The frequency characteristics
and system performance of the FOWPT system are given in
Section III. Subsequently, a wireless CC/CV charging system
of AGV based on FOWPT is established in Section IV. Finally,
Section V draws some important conclusions.

II. SYSTEM STRUCTURE AND PRINCIPLE
A. System Structure of FOWPT

Fig. 1 represents a schematic diagram of an FOWPT system,
which is different from the classic integer-order WPT system. In
general, an FOWPT system consists of a transmitter, receiver,
and load. The transmitter and receiver achieve WPT by mu-
tual inductance M. The energy of the load is provided by the
fractional elements instead of fixed frequency excitation source.
The meanings of the symbols are in the nomenclature, which is
adopted throughout this article.
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The transmitter comprises a primary-side Lg, a primary-side
FOC C,1, and an internal resistance R; that are connected in
series. The receiver comprises a secondary-side FOI Lgo, a
secondary-side FOC Cy2, an internal resistance R, and load
R, that are connected in series. In addition, 3; and (35 are the
order of the primary-side and secondary-side FOI, respectively;
Lg and Lg are the pseudoinductance of the primary-side and
secondary-side FOI, respectively; oy and oo are the order of
the primary-side and secondary-side FOC, respectively; and
Cy1 and C, o are the pseudocapacitance of the primary-side
and secondary-side FOC, respectively. It should be noted that
if all fractional orders are one, the FC will be the traditional
integer calculus according to (1). Meanwhile, the fractional-
order elements in FOWPT system will become conventional
integer-order capacitors and inductors. In this case, the system
is an integer-order WPT system, obviously. It can be found that
the FOWPT system is a general description of the integer-order
WPT system, that is, the integer-order WPT is a special case.
Therefore, FOWPT has higher design freedom and more valu-
able characteristics.

B. Condition for Steady State

According to the circuit theory [28], the volt—ampere charac-
teristic equations of FOI and FOC are defined as

Bn
O (1) = Lg, Eoiznl®)
o (0= Lo =12 @)
iC’n (t) = Can d:ci?( )

where the subscript 1 (or 2) refers to the transmitter (or receiver);
d P"dt P and d °"/dt “" are termed as the fractional-order
derivative; iy,,(f) and ic,(f) are the current of FOI and FOC,
respectively; vy, () and v o, (¢) are the voltage of FOI and FOC,
respectively; Lg, and C,, are the inductance with its unit
H/s'~#" and the capacitance with its unit F/s'-”, respectively;
and «a,, and (3, are the order of FOI and FOC, respectively. If o,
and /3, are one, the volt-ampere characteristic equations will be
equivalent to those of conventional capacitors and inductors.

For s = jw, (2) can be written in the form of frequency
domain with zero initial condition as Zg,, = [cos(a,w/2) —
jsin(a,©/2)[/w*"*Cpp, and Zp, = wﬂ”L@n[cos(ﬁnw/Z) +
jsin(B,m/2)]. It indicates that the impedance of the FOI and
FOC can be expressed as the sum of a reactance compo-
nent and a resistance component. Therefore, the fractional
equivalent capacitance is C,, = w1 C,/sin(ar/2), and the
fractional equivalent inductance is L., = wﬁ'ng/sin(BwQ).
Then, the resonant frequency w,, can be expressed as
[sin(ct,,7/2)/L g 1, C o nsin( B, m/2)]Vn + Bm),

On the basis of Kirchhoff’s voltage and current laws, the
FOWPT system in Fig. 1 can be fully described by phasor
equations as follows:

O = Vl + (jw)ﬁlLﬁljl +jwMI2 + lel

I = (jw)*' Cy, Vi

0=Va+ jwMl + (jw)? Lg, I + (Ry + R) I
IQ = (jw)a20a2‘/2.

3)
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Fig. 2.  Circuit diagram of the FOWPT system with an active FOC.

In order to obtain the current distribution, (3) can be further
simplified as
{o = [Rer+J (Xpp = Xeo) i +3Xulz
0=7Xpuli + [Re2 +J (XL52 — Xcazﬂ Iy

where R,y = R1 + RLBl + Rco1 and R.o = Ry + RLBQ +
R o2 + Ry, are equivalent total resistances of the transmitter and
receiver, respectively; Rz, = wh "Lgncos(f,m/2) is equivalent
resistance of FOI; R¢yy, = cos(a,m/2)/w™"C,,, is equivalent
resistance of FOC; X3, = WP "Lgnsin(By,m/2) is equivalent
reactance of FOI; and X ¢, , = sin(a,, m/2)/w" C,, 5, is equivalent
reactance of FOC (n = 1, 2). Xy = wM is equivalent reactance of
M. Itis worth noting that Ry 5, and R ¢, Will be negative when
the corresponding fractional order is set to be greater than one. In
this case, the fractional-order element is an active element and
can provide energy for the load. In addition, the reactance in
FOWPT system is related not only to the value and frequency of
capacitance or inductance, but also to the fractional order. This
characteristic improves the design freedom of fractional-order
systems.

When the determinant of the matrix coefficients is equal to
zero, (4) has nonzero solutions. Then, by separating the real and
imaginary parts, the characteristic equation of this system can

be obtained as
{RelReQ - - XCM) (XL[32 - Xcaz) + XJ%I =0
Rel (XL[-}Q nl) = 0'
(5

It is obvious that if all orders are one, (5) will become the
integer-order equations of conventional WPT.

(XLBI
- XCQQ) + R€2 (XL[gl - XC

III. THEORETICAL ANALYSIS AND SYSTEM DESIGN
A. Theoretical Analysis

According to the unique characteristics of FOWPT mentioned
in Section II, an FOWPT system for CC or voltage output is
designed, as shown in Fig. 2. In order to obtain the simplest
fractional topology and compact receiver, an active FOC is em-
ployed to provide energy for the load, that is, the fractional order
a1 > land as = B1 = B2 = 1. Using one active fractional-order
element is the simplest way to implement a fractional-order
wireless charger.

For the full-bridge rectifier in Fig. 2, the relationship between
the charging current /5 and root-mean-square (rms) value of I
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can be expressed as

2v/2

1
— L (6)

2z /7T V21, sin (wt) d (wt) =

™ Jo

Ip =

When the power losses of the rectifier bridge are ignored, we
can obtain 1. 22 Ry =1 ?g Rp based on the law of conservation of
energy. It is noted that Rp is the equivalent load resistance of
battery. Then, the equivalent load R, of the rectifier is deduced
as Ry = 8Rp/m2. Knowing the above analysis in mind, the char-
acteristics of the natural resonant frequency w; and operating
frequency w will be analyzed in this section. Then, the current
distribution |/, /I,| and CC/CV mode will be studied, which
are completely different from the classical integer-order WPT
in some aspects.

Knowing (5), the characteristic equation of the FOWPT sys-
tem in Fig. 2 is given by

(R1 + Rcal) (RQ + RL)

- (XLﬁl B Xcal) (XL/iz - XCQQ) + XJQW =0 7)
(Rl + Rcal) (Xle Xc
+ (R + Rp) (X1, — Xcal) 0.

Then, (7) can be expanded as follows:

(wi”;l + %cot al”) %
—(1—:12111) (1—2—§>+k2 0
(wf; + Ziiii cot ”‘1”) ( ) ®
(1 - “Zf) =0

where w; and wo are natural resonant frequencies of the trans-
mitter and receiver, respectively; and k = M //Lg, Lg, denotes
the mutual coupling strength. From (8), the natural resonant
frequency w; of the transmitter can be expressed as

3 \W

1
14+aq

Ry (w—2) JwLp, + (Re+ Ri)/Lg,
[(R2 + Ry)/Ls, — (w . %) cot (am/Q)}

w1 =W

©)
Substituting (9) into (8), the frequency polynomial equation
can be derived as

(]. - kQ) w? + (Fw + FQLk2) tan %wél

+ [F%L + (k2 — 2) wg] w3+ (F%L — 2w§) IR
X tan %wQ + (wé) w + ' tan %wg =0

(10)

where I'1g = Ri/Lg1 and I'yg = Ry/Lgo are defined as the
intrinsic loss rate of the transmitter and receiver, respectively;
and I';, = Ryp/Lgy is the loss rate contributed by the load
and the total loss rate can be expressed as I'o;, = I'gg + I'f.
Since FOWPT is an autonomous system without fixed-frequency
forced excitation source, the operating frequency is determined
by (11), and its analytical solution needs to be analyzed first [29].
Meanwhile, quality factor of the transmitter (Q10 = w2/I'10) and
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Fig. 3. Eigenfrequency as a function of coupling strength k. (a) Ry, = 5 Q.
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receiver (Qo1, = wo/T"21,) are high. In the case of finite fractional
order, coupling strength and load resistance, k*tan(c; /2)/Q10
and k*tan’(a;7/2)(1/Q10 + 1/Qa1,)/Q1¢ are high-order small
quantities, which can be approximated and ignored. Then, by
factorization, the frequency polynomial equation (10) can be
expressed as

(w+Twtan Z5) {(1 = k) o + & +uwi} =0 (11)

where ¢ = T2, + (k? — 2)w3 + k2w (T10 + F2r) tan ag /2.
According to (11), three eigenfrequencies are derived as

- k2)w§}/2(1 =)

Ws1,s2 = \/I:_g + \/52 - 4(1
Ws3 — 7F10 tan (04171'/2) .

(12)

Equation (12) indicates that the FOWPT system has two

different working regions, which are determined by the critical

coupling strength k¢ in (13). In the strongly coupled region (k >

k¢), the two resonators have three stable operating frequencies

(ws1, Ws2, O wWy3). In the weak coupling region (k < k), the
system enters a single frequency (ws3) working region

2003, +\/402Q3, — (1L+ ) (1 - 4Q3,)
ke = 5 (13)
(1+0)°Q3,
where o = (1/Q19 + 1/Q5 p)tan(«; /2). Meanwhile, for a certain
transfer distance, there is a critical fractional order for the
fractional-order system as shown in (14)

oo = 2 arctan {Qw@n
T Q10+ Q21

N RN F
el E R e @

In other words, a desired charging region can be obtained
by adjusting the fraction order. The high design freedom of
fractional-order system is fully revealed.

Fig. 3 gives three eigenfrequencies. With the increase of
load resistance and transfer distance, the approximate solution
obtained by [27] and its critical coupling coefficient k. have
large errors. There is a good agreement between the analytical
solutions obtained by (12) in this article and exact solutions
obtained by (10). In addition, it can be found that the region can

)t

(14)
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be divided into two parts. In the fractional working region (k >
kc), there are three eigenvalues. Beyond this region, the system
will automatically operate at ultra-low frequency solution w3
and the corresponding output power is extremely low. Therefore,
it can effectively avoid overcurrent when the receiver is beyond
the charging region.

From (9) and (12), it can be seen that the natural resonant
frequency (w1) and operating frequency (w) of the transmitter
in FOWPT systems will change under different transfer dis-
tances and loads. Furthermore, combined with (8), the coupling
strength k and load R, can be obtained as

k= ( —Zi> [(1—5)+ (i;l +5cot0‘;”)2/(1_5)]

5)

LQQRl T w%
RL: < LBI +WLB26COt 2) (u)2 — (]. 75) 7R2
(16)

where § = waq + 11/w®!+! 1t should be noted that an FOWPT
system powered by FOC is an autonomous circuit system. Ben-
efiting from the unique frequency characteristics of the FOC, w1
and w can be adjusted automatically. Therefore, using (15) and
(16), the coupling strength k and load R}, can be calculated in
real time.

In order to analyze the energy transfer process, current dis-
tribution and output power are concerned. According to (4) and
(8), the current distribution can be derived as

i
Iy

_ (R2 + Ryp)tan (aym/2)
Ry tan (aq7/2) +wy T Lg, fw

where the natural resonance frequency w; and operating fre-
quency w automatically adjust with the change of distance
according to (9) and (12). It can be found from Fig. 4 that
the changing trends of w; and w are the same, which greatly
reduces the change of circuit distribution. With the increase of
distance, way 4+ 11/w®! will approach ws under a fixed frac-
tional order a; and load Ry. Meanwhile, K; will also approach
a constant ratio, which makes the output power and transfer
efficiency insensitive to the change of transfer distance. Consid-
ering the current distribution (17), the transfer efficiency 7 can be

K= a7
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TABLE I
CONFIGURATION OF THE FOWPT SYSTEM

Parameter Value Parameter Value
R, 133.5 mQ R, 252.5 mQ

o 1.015 Cp 5.361nF
Ly 67.6uH Ly 115.97uH

D 6-8 cm p 0-4 cm
Va 65V 2 5-7Q (CC)
wy/21 201.8 kHz s 7-42Q(CV)

derived as
. P, I2R;

P,  I2R, + 12 (Ry + Ry)
%RlR[‘ tan % + RLLﬁl
. 1
L@l (Rg + RL)

(18)

Generally, the output power is determined by the current
distribution in the transmitter and receiver. As K; approaches
the constant value, the efficiency will remain constant. Then,
the output power can also be obtained

Ry tan (a1m/2) +wi T L, fw™

P, =|L|’R, = —
o= [ Rr (R + Ry) tan (a1 7/2)

\L|*Ry

(19)
where [; is rms values of current. By controlling the current of
FOC, the output power can be adjusted.

B. Characteristics of the FOWPT System

From the theoretical analysis, it can be seen that the FOWPT
system has better performance and greater design freedom due
to the application of fractional elements. The following will
analyze the frequency characteristics and how to realize the CC
and CV modes. The parameter configuration of simulation and
experiment is shown in Table I.

According to (12), there are three eigenvalues in the working
region (k > kc). According to (9) and (12), the natural reso-
nant frequency w; and operating frequency w can be adjusted
automatically, which are determined by coupling strength k and
load R;, as shown in Fig. 4. Therefore, the natural resonance
frequency of the transmitter can be different from that of the
receiver. For receivers with different natural resonance frequen-
cies, FOC can also flexibly configure the fractional order to
realize efficient power transfer. In addition, the output voltage
V1, current I1, and operating frequency w of the FOC satisfy the
relationship w{*' ™! = WV sin(ay7m/2) /L 1.

The relationship between the order «; of the FOC and the
critical coupling strength k¢ is shown in Fig. 5. When the order
aq 1is closer to one, k¢ is smaller, that is, the working region
is wider. Therefore, the appropriate order can be selected when
designing the FOWPT system. Under the parameters in Table I,
a is set to 1.015 to meet the requirements of the working range
and load. Moreover, the colored arrows mark the corresponding
critical transfer distance of integer-order PT-symmetric WPT.
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Obviously, the working region of FOWPT has been greatly
expanded and can be flexibly adjusted.

In order to analyze the sensitivity of the FOWPT system to the
change of distance, the global and local changes of output power
and transfer efficiency will be studied. First, the normalized
output power P} and transfer efficiency * are defined as

{PS‘ (D) = P, (D)/F, (Do)
n* (D) =n(D)/n (Do)

where P,(Dg) and 1,(Dy) are the output power and efficiency
at the initial position, respectively. When the receiver moves
in the charging region, the change of the system output can be
reflected. Then, the relative sensitivity (RS) of output power S gO
and transfer efficiency S}, can be defined as

(20)

Sy (D) = 5/ %5
S} (D) =2 /22

which describe the effect of relative changes in transfer distance
on performance. Here, the conventional IPT system with fixed
frequency is compared with the FOWPT system. For compar-
ison, the primary current of the IPT system is set constant.
Then, Fig. 6 shows sensitivity curves for output power and
transfer efficiency, when the vertical distance D changes. For

2
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the conventional IPT system, the output power and transfer
efficiency vary significantly with distance. For the FOWPT
system, the maximum change rate is 1.5%, as shown in Fig. 6(a)
and (b). It is precise because of the frequency characteristics
of the autonomous FOWPT system that the output power and
transfer efficiency remain almost unchanged when D changes.
It can also be found from Fig. 6(c) and (d) that the RS of the
proposed system is small. It indicates that the current distribution
in (17) is also almost unchanged. This is another advantage of
the proposed system different from the classical integer-order
WPT. In addition, compared to the constant output power and
efficiency obtained by the approximate model in [27], the results
derived in this article can depict small changes in output power
and efficiency. This accurate model provides a theoretical basis
for the CC and CV charging of the FOWPT system. And it is
worth noting that the corresponding output power and efficiency
are almost the same when operating at high frequency (ws;) and
low frequency (ws2). Since the transfer efficiency corresponding
to wgs is extremely low, the system should avoid running on this
frequency.

Moreover, the proposed system can realize wireless charging
in the working region by only controlling the output current /; of
FOC. Considering (6) and (17), when the current /; is controlled
to 7Kl grot 12 /2 , the system enters the CC mode with CC I gyf.
Then, considering (16), the required 17 is 4K;V gyt V27R}, in
CV mode with CV Vp,..¢. Fig. 7 shows the current /; in CC mode
and CV mode. It can be seen that the current /; is insensitive to
the transfer distance. Moreover, considering that the charging
process of battery is slow, the equivalent load also changes
slowly. Therefore, during the dynamic charging of AGYV, the
output of FOC only needs to be adjusted slightly, which greatly
reduces the requirements for closed-loop systems.

IV. EXPERIMENT

Itis highly desirable that the wireless charging receiver should
not be limited to a specific position. Furthermore, it can be offset
or moved within a certain range during charging. Therefore, a
misalignment-tolerant wireless charger with CC and CV modes
has great theoretical and engineering application value. In this
section, a misalignment-tolerant FOWPT system is proposed,
which has good dynamic performance and does not need dual-
side communication.
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A. Design of the FOWPT System

Since it is very difficult to construct high-power and
high-stability fractional-order elements, the development of
fractional-order wireless charging systems is greatly hampered.
The existing construction methods of fractional elements mainly
include the following. The first is using inductors and capacitors
in series and parallel [21]. The second is based on electro-
chemical methods, that is, to select electrode surface areas
with different dielectric materials [30]. The third is based on
silicon process technology, such as using field-effect transistors
or CMOS tubes to construct passive FOC with a fixed order
[31]. According to the above methods, the fractional-order el-
ement constructed can only be passive, which cannot provide
energy and the corresponding fractional order is less than one.
Besides, the fractional order is unstable under different working
conditions. Once the order and operating frequency are changed,
it needs to be redesigned and constructed. The fourth is based
on the operational amplifier circuit [32], which is limited to
low-power applications.

With the rapid development of wide-bandgap semiconductor
power devices, the construction of fractional-order elements
with any fractional order has attracted more and more attention
based on power electronic converters. Based on the phase-locked
loop (PLL) and pulsewidth modulation (PWM), the fractional
order can be adjusted arbitrarily through digital control, which is
suitable for applications with multiple power levels. Fig. 8 gives
a circuit diagram of the FOWPT system for CC or CV charging.
The main parameters are shown in Table I. By controlling
the switching frequency, phase, and duty cycle of full-bridge
inverter, a high-power and high-stability FOC is constructed,
which provides CC or CV to the battery. It is worth noting that
Cyin FOC is used to store electric field energy and participate
in filtering.

In order to meet the requirements of fractional-order wire-
less charging systems, an innovative implementation method of
active FOC based on the phase control is proposed. Different
from the previous method of actively scanning the frequency
and detecting the phase difference between two high-frequency
signals in [27], Figs. 8 and 9 show a digital control method
that actively controls the phase to maintain the fractional order.
Moreover, the proposed method for FOC has the following
advantages: 1) there is no need to scan the frequency to reach the
fractional order o1, and dynamic response capability has been
greatly improved; 2) it avoids real-time detection of the slight
phase difference between two high-frequency signals, which
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improves the accuracy of the order control; and 3) the proposed
method realizes soft switching under different distances and
loads.

In order to analyze the principle clearly, Fig. 9(a) gives an
equivalent circuit diagram. First, the output current /; of the
FOC generates a square wave through a sampling circuit and
zero-crossing comparator. The digital controller obtains the
phase and frequency of /; by capturing the rising edge [red arrow
in Fig. 9(b)] of the square wave. Then, the time-base counters
CtRri,2 of two PWM modules are in up-count and down-count
mode, respectively. The driving signal u,;4 will flip the level
at 0 and 0.5%T}ax1,2. In the actual circuit system, the second
comparison value will be slightly less than 0.5%T,ax1 2, which
reserves a certain dead time to discharge the output capacitance
of the switches. Finally, the digital controller generates an output
voltage V,;, which leads the phase ¢, of circuit I; (¢, =
Y ab—4)- By controlling the synchronization phase 77,41 of the
first PWM module, the leading phase ¢,, can be changed. In
addition, the amplitude of V,; can be adjusted by controlling
Tphs2, and the corresponding duty cycle D, = 1—26/7. On this
basis, the proposed FOWPT system will automatically run to
the stable frequency determined by the following equation and
reach a steady state:

op = arg (Zgp) = arg (1/jwCy + Z1 + Zr) (22)
where Z; = Ry + jwLy, Zr = (wWM)*/Zy and Zo = Ry + Ry, +
jwLy—1/wCy). According to KCL, the constraint equation is
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satisfied
Videy = =VapLpa + (I1 JwCy) L (pi — 7/2)

where V7 and ; are rms values of fractional capacitor voltage
and current, respectively; the corresponding phases are ¢,, and
;, respectively; and V;, and ¢4 are rms value and phase of the
inverter output fundamental voltage, respectively. By separating
the real and imaginary parts, the rms value of the output voltage
can be expressed as

(23)

— __ hicospiw
{ Vab = wC'y sin(piu+@p) 24)

Vi = hcosep

L= T OCrsin(piutep)

In order to realize CC and CV mode, a closed-loop control
strategy is given in detail in this section. According to the
definition of FOC, the phase difference ¢;—,, should be stable
at oy /2 to realize the FOC with the order ;. Fig. 10(a) shows
the control strategy of PLL. First, according to the zero-crossing
pulse of 11, control the lead phase ¢,, of the first PWM module.
Meanwhile, the driving frequency of the PWM module follows
the frequency of /;. Thus, the FOWPT system will automatically
run at the frequency w that satisfies the constraint equation (22).
Then, knowing (23) in mind and only by sampling the rms and
frequency of I, the phase difference ¢;,—¢,, can be calculated
by (25). The error of the phase difference is sent to the phase
closed-loop controller. Through closed-loop adjustment of ¢,
the order of FOC will eventually stabilize at «; . Itis worth noting
that benefiting from the rms sampling chip AD637 and DSP
TMS320F28377D, the sampling accuracy can be controlled
below 0.05%. Compared with sampling the phase difference
between the two high-frequency signals in previous article, the
accuracy of the proposed FOC is greatly improved

;i — pu = —arctan [(Vgp sin gy, + I /wC'y) [V cos pp)
(25)
where V;, can be calculated from the duty cycle D and satisfies
the relationship Vi, =2 V2 5in(0.5D ) Vy/7. It is worth noting
that C;in FOC not only plays arole in filtering, but also amplifies
the phase ¢, compared to o;7/2, which greatly mentions the
control accuracy of FOC. Fig. 10(b) and (c) shows the phase
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difference ¢;—,, and fractional order cv; of FOC. The fractional
order can be controlled at the set value.

Furthermore, since this fractional-order system relies on the
active FOC to charge the battery, the FOC should have both CC
and CV output capabilities. On the basis of the above principles,
Fig. 11 shows the control block diagram of CC and CV mode. By
controlling the duty cycle D, of the inverter, the output voltage
Vap can be adjusted in real time. Benefiting from the analysis of
Part A in Section III, the FOWPT system can maintain a constant
output current /p,of in CC mode and a constant output voltage
VBref in CV mode. Considering (6) and the current ratio K; given
by (17), the output current /; of FOC should be controlled as
7Kl Bret 12 V/2 and 4K;Vpyer 1v/2 7Ry, in CC mode and CV
mode, respectively. In addition, according to (25), the minimum
dc voltage V; needs to be greater than 7V pmax/2 V2 to meet
the output requirements.

B. Designing ZVS Switch

In the following part, ZVS conditions will be discussed.
According to the above analysis, it can be known that the leading
phase ¢, and duty cycle D are directly related to the realization
of ZVS. When ¢, and «; are properly designed, the strategy
proposed in Fig. 9 can realize ZVS of all switches. According to
(25), ¢, depends on the circuit parameters, operating frequency
and fractional order. Therefore, a reasonable parameter setting
and operating range of the frequency can greatly broaden the
range of soft switching. Based on digital control, the driving
frequency range can be limited to high-frequency band [ws, +
00). Taking into account the working range and device withstand
voltage, Crand oy are set t0 9.76 nF and 1.015, respectively. The
corresponding critical coupling strength &, is 0.073.

The ZVS conditions of leading leg (S; and S2) and lagging
leg (S3 and S4) will be analyzed in detail. Fig. 12(a) shows the
voltage Vpg and current Ipg of S; and Sy in the full range of
test conditions. It shows that the leading leg is easier to realize
ZVS than the lagging leg. Therefore, the lagging leg is the key to
analyzing ZVS. The voltage lead phase -y of lagging leg is given
in Fig. 12(b) and the blue line indicates the boundary where v =
0. The voltage lead phase v can be expressed as v = ¢, —0—Aty,
where the hardware delay time Az, includes the delay of MOSFET
and is measured to be approximately 36 ns. In order to realize
ZVS of lagging leg, S3 and S4 must be turned ON after the anti-
parallel diode is turned ON. Thus, the condition for all switches
to achieve ZVS is v > 0. The operation waveforms are shown
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in Fig. 12(c) and (d), where Vpg and Vg are the drain-source
voltage and gate-source voltage of the switch. It demonstrates
that the FOWPT system is designed to operate under the ZVS
condition when v > 0. The analysis of the switching tubes S5 and
S3 is the same as that of S; and S, due to the symmetrical mode.
Moreover, the loss of the inverter mainly includes conduction
loss and switching loss of MOSFET. The conduction loss can be
decreased by using a MOSFET with small ON-state resistance. In
addition to designing soft switching, selecting a MOSFET with
small rise and fall times can also be selected to reduce switching
loss.

C. Experiment

This section will take an automatic lawnmower as an example
to verify the feasibility of FOWPT. The flow chart of CC and
CV charging mode is shown in Fig. 13. When the system starts
to work, the PLL in Fig. 10(a) will be activated to maintain a
constant fractional order. After the automatic lawnmower enters
the charging region, the system will start the precharging process
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and outputs 0.3A current. Generally, the equivalent resistance
Rp of the battery changes from time to time in the process of
continuous charging. As we know, Rpc = Vpret/IBret 1S the
critical equivalent resistance of the battery from CC mode to
CV mode. According to (12) and (16), the equivalent resistance
Rp can be obtained in real time. If Rp < Rp, the closed-loop
control of CC mode will be activated to set Iz = 3A. If Rg >
R, the system will directly run the closed-loop control of CV
mode and output a CV (Vp = 21 V). In CV mode, the charging
process will end, when the charging current is less than the cutoff
current Igpin = 0.5 A.

According to the above analysis and design, an FOWPT
system for an automatic lawnmower is designed, and the ex-
perimental prototype is shown in Fig. 14. SI7172DP is adopted
as a full-bridge converter. The model of the diode in the rectifier
is STF20100. In the control circuit, DSP TMS320F28377D is
used as a controller. The coils are fabricated by using $0.05 mm
x 1000 silk-covered wire. The parameters of the experimental
prototype are shown in Table I. The coupling strength k of coils
as a function of vertical distance D and horizontal offset distance
p is shown in Fig. 15.

Fig. 16 shows the steady-state characteristics of the FOWPT
system with different positions and loads. In CC mode, the out-
put current I remains constant after misalignment, as shown in
Fig. 16(a) and (b). Benefiting from the frequency characteristics
of FOWPT in (11) and the control strategy proposed in Fig. 9,
the operating frequency of FOWPT system changes from 210.97
to 208.33 kHz. Meanwhile, the output current /; of the FOC
changes from 5.09 to 5.03 A, according to the control block
diagram in Fig. 11. It can be seen that the change of I; is very
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small, whichis in good agreement with Fig. 6. Itis the adjustment
of the FOC in the transmitter that enables the system to operate
in CC mode. Similarly, in CV mode, the output voltage V can
also remain constant after misalignment, as shown in Fig. 16(d)
and (e). When the automatic lawnmower is misalignment, the
charging current and charging voltage can be maintained at /¢
and V,f, respectively. It shows that the receiver can be charged
steadily during the charging process, which meets the charging
requirements of Li-ion battery.

In order to test the robust performance of the FOWPT system
when the receiver moves, the dynamic process when horizontal
offset distance p varies rapidly from 0 to 4 cmis shown in Fig. 17.
It can be found that constant /3 in the CC mode and constant V
in the CV mode can be maintained. In addition, Fig. 18 shows
the output characteristics when vertical and horizontal distance
changes, respectively. The proposed implementation method of
FOC based on the phase-shift control enables the operating
frequency w to change in real time with distance. Meanwhile,
the control block diagram in Fig. 11 will dynamically adjust
the current of FOC to improve output accuracy. The current I3
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TABLE II
COMPARISONS WITH PREVIOUS WORKS

Reference [10] [12] [14] [13] [27] [25] This work
Frequency 85kHz 500kHz 85kHz 85kHz 470~530kHz 50kHz 200~224.5kHz
Compensation network  LCC-LCC  S-S-S/S-P-S LCC-LCC Series-hybrid S-S S-S S-S
Total number of
. . 8 8 8 10 4 6 4
capacitors and inductors
Transmitter coil 65%50cm 15cm 19.5cm 77.5%39.1cm 60cm 26cm 16cm
Receiver coil 32cm 15cm 19.5cm 77.5%39.1cm 60cm 26cm 9cm

Vertical misalignment

0% |46.9% 0% 13.3%

0% | 30.8%

254%|182%  63.3%]333% 0% 11.5% 22.2%]66.7%

tolerance
Horizontal misali; t
orizontal misalignmen 0% 0% 0% 40.9% / 0% 44.4%
tolerance
Wireless communication No No Yes No No No No
Additional DC-DC No No No No No No No
Soft switch Yes Yes Yes Yes No No Yes
Control complexity® Asymmetric  Switching Wireless Hybrid Fractional Fractional Fractional
plexity Tuning®  topology”  communication® compensation" method® method® method®
CC/CV mode CC CC/CV No No No CC CC/CV
Output power 1.1~6.6kW 1721\/?\:/ 300W 3.3kW 100W 19.4~96.8W 10.5~63W
Transfer efficiency / / ~90.1% / ~90% 85.7~91.6% 87.9~92.7%
DC-DC efficiency 72.3~92.4% 78~92.25% / ~94% / / 69.2~82.4%

2The superscripts (1)—(5) represent the complexity, and the complexity increases as the number increases.
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Fig. 18. Charging current /g, voltage Vg, current /1, and operating frequency
w/2m when the vertical distance D and horizontal offset distance p change.
(a) DE[5,9] and p = 0 cm when R = 5 Q. (b) p€[0, 4] and D = 8 cm when
Rp=15Q.

basically remains unchanged, which implies that this system is
insensitive to transfer distance. When the automatic lawnmower
moves during the charging process, the primary-side controller
can ensure a constant output with fine-tuning or even without
adjustment. This is one of the advantages. The proposed FOWPT
system provides the possibility for the AGV to move in a wide
range during the wireless charging process.

Using the electronic load, the robustness of the proposed
FOWPT system under step changes of Rp is investigated in
CC and CV mode. As shown in Fig. 19(a)—(c), the system can
quickly adjust to a stable state when Rp changes. The CC Ip
in CC mode and CV Vg in CV mode can be realized only
by controlling FOC. The proposed system not only realizes
misalignment-tolerant charging, but also avoids complex and
bulky receivers. Fig. 20 gives the circuit /; and voltage V; of
FOC, the charging current /5, the charging voltage Vg, and the
transfer efficiency 7 in the charging process. The experimental
results are in good agreement with the theory. It can be found
that the output current is within 3% in CC mode and the
output voltage within £2% in CV mode. The maximum transfer

efficiency 7 is 92.7%, and the corresponding de—dc (i.e., V4 to
Vp) efficiency np is 82.4%.

Table II lists the comparison among different works. Vertical
misalignment tolerance is described in the form of AD | Dy,
where AD is defined as the ratio of the vertical misalignment to
the side length of the receiver; and Dy is defined as the ratio of the
initial vertical distance to the side length of the receiver. It should
be noted that the side length of the receiver can be replaced by
the square root of the length and width in the case of rectangular
coils. Horizontal misalignment tolerance is expressed as Ap,
which is defined as the ratio of the horizontal misalignment to
the length of the receiver in the misalignment direction.

The coils in [12] and [13] are specially designed. Compared
to the specially designed coils, the coil design of the pro-
posed system is easier. Benefiting from high-order compensation
topologies [10], [12]-[14], the control complexity is greatly
reduced. Using the strategy of switching topology, the system
in [12] achieves CC and CV modes, but the misalignment
will lead to the fluctuation of output power. The series-hybrid
compensation topology in [13] greatly improves misalignment
tolerance. However, itis not suitable for compact and lightweight
receivers.

Besides, the system in [25] not only requires two inverters,
but also only realizes CC mode at a fixed transfer distance.
The approximate modeling and low-precision fractional-order
control strategy in [27] cannot maintain CC and CV modes. In
addition, the control strategy of fractional-order elements is very
complex in [25] and [27], which cannot guarantee the output
accuracy under different loads and transfer distances. Based on
this view, the proposed system achieves CC and CV modes with
misalignment tolerance and meets the requirements of compact
and lightweight receivers. The precise model and innovative im-
plementation method based on the phase-shift control guarantee
the accuracy of the output. Therefore, the proposed system is a
suitable wireless charging solution for AGV.
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Fig. 19. Dynamic process of the proposed FOWPT system when D = 8 cm and p = 0 cm: (a) in CC mode when R g changes from 5 to 6 €2; (b) in CC to CV

mode switching process when R g changes from 6.5 to 12 €2; and (c) in CV mode when R g changes from 20 to 40 €2.
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Fig. 20.
D=8cmand p=0cm;P2: D=8cmand p =4 cm.

V. CONCLUSION

This article proposed a misalignment-tolerant FOWPT sys-
tem for CC and CV charging. According to the principle of
fractional-order autonomous circuit, the circuit model of the
system was established. The theoretical and experimental re-
sults showed that the natural resonant frequency and operating
frequency can be adjusted adaptively with the change of transfer
distance and load. Compared with the conventional IPT system,
the proposed system was able to maintain stable output under
the misalignment of coupling coils. The 63-W experimental
prototype of the automatic lawnmower was built. The horizon-
tal misalignment tolerance was within 44.4%. Meanwhile, the
vertical misalignment tolerance was within 22.2% at the initial
position D = 6 cm. Based on the frequency characteristics and
the new implementation method of FOWPT, the prototype can
maintain the output current within 3% in CC mode and the
output voltage within +£2% in CV mode. Therefore, the system
has strong misalignment tolerance, light receiver weight, and
high design freedom, which provides a new wireless charging
solution for AGV. In the future article, we will focus on con-
cise modeling and implementation methods of FOWPT, and
exploring the physical mechanism and valuable characteristics
of fractional-order circuits.

REFERENCES

[1] L. Li, H. Liu, H. Zhang, and W. Xue, “Efficient wireless power transfer
system integrating with metasurface for biological applications,” /IEEE
Trans. Ind. Electron., vol. 65, no. 4, pp. 3230-3239, Apr. 2018.

600

(=4
(o2}
;

Transfer efficiency # (%)

550
500 _
450~
(]
400 &
1 350§
1300
1250

©200

O

=]
Do

=}
S

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

505560657010 15 20 25 30 35
Ry (Q)

E;"(‘) 88

(b)

Experimental results when the resistance R g changes. (a) Charging current / g and voltage V. (b) Current /1, voltage V1, and transfer efficiency 7. P1:

Z. Yan, B. Song, Y. Zhang, K. Zhang, Z. Mao, and Y. Hu, “A rotation-free
wireless power transfer system with stable output power and efficiency for
autonomous underwater vehicles,” IEEE Trans. Power Electron., vol. 34,
no. 5, pp. 40054008, May 2019.

Y. Guo, L. Wang, Y. Zhang, S. Li, and C. Liao, “Rectifier load analysis
for electric vehicle wireless charging system,” IEEE Trans. Ind. Electron.,
vol. 65, no. 9, pp. 6970-6982, Sep. 2018.

J. Mai, Y. Wang, Y. Yao, and D. Xu, “Analysis and design of high-
misalignment-tolerant compensation topologies with constant-current or
constant-voltage output for IPT systems,” IEEE Trans. Power Electron.,
vol. 36, no. 3, pp. 2685-2695, Mar. 2021.

R. Yue, C. Wang, H. Li, and Y. Liu, “Constant-voltage and constant-
current output using P-CLCL compensation circuit for single-switch
inductive power transfer,” IEEE Trans. Power Electron., vol. 36, no. 5,
pp. 5181-5190, May 2021.

M. G. S. Pearce, G. A. Covic, and J. T. Boys, “Robust ferrite-less doubled
topology for roadway IPT applications,” IEEE Trans. Power Electron.,
vol. 34, no. 7, pp. 6062-6075, Jul. 2019.

S. Kim, G. A. Covic, and J. T. Boys, “Tripolar pad for inductive power
transfer systems for EV charging,” IEEE Trans. Power Electron., vol. 32,
no. 7, pp. 5045-5057, Jul. 2017.

E. S. Lee, Y. H. Sohn, B. G. Choi, S. H. Han, and C. T. Rim, “A modular-
ized IPT with magnetic shielding for a wide-range ubiquitous WI-power
zone,” IEEE Trans. Power Electron., vol. 33, no. 11, pp. 9669-9690,
Nov. 2018.

W. Tang, Q. Zhu, J. Yang, D. Song, M. Su, and R. Zou, “Simultaneous 3-D
wireless power transfer to multiple moving devices with different power
demands,” IEEE Trans. Power Electron., vol. 35, no. 5, pp. 4533-4546,
May 2020.

Y. Chen, H. Zhang, C.-S. Shin, C.-H. Jo, S.-J. Park, and D.-H. Kim, “An
efficiency optimization-based asymmetric tuning method of double-sided
LCC compensated WPT system for electric vehicles,” IEEE Trans. Power
Electron., vol. 35, no. 11, pp. 11475-11487, Nov. 2020.

K. Song, Z. Li, J. Jiang, and C. Zhu, “Constant current/voltage charging
operation for series—series and series—parallel compensated wireless power
transfer systems employing primary-side controller,” IEEE Trans. Power
Electron., vol. 33, no. 9, pp. 8065-8080, Sep. 2018.



11368

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 9, SEPTEMBER 2022

Y. Li et al., “Reconfigurable intermediate resonant circuit based WPT sys-
tem with load-independent constant output current and voltage for charg-
ing battery,” IEEE Trans. Power Electron., vol. 34, no. 3, pp. 1988-1992,
Mar. 2019.

L. Zhao, D. J. Thrimawithana, U. K. Madawala, A. P. Hu, and C. C.
Mi, “A misalignment-tolerant series-hybrid wireless EV charging system
with integrated magnetics,” IEEE Trans. Power Electron., vol. 34, no. 2,
pp. 1276-1285, Feb. 2019.

Y. Yao, H. Cheng, Y. Wang, J. Mai, K. Lu, and D. Xu, “An FDM-based
simultaneous wireless power and data transfer system functioning with
high-rate full-duplex communication,” /EEE Trans. Ind. Inform., vol. 16,
no. 10, pp. 6370-6381, Oct. 2020.

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

Y. Guo, Y. Zhang, S. Li, C. Tao, and L. Wang, “Load parameter joint
identification of wireless power transfer system based on the DC input
current and phase-shift angle,” IEEE Trans. Power Electron., vol. 35,
no. 10, pp. 10542-10553, Oct. 2020.

S. Assawaworrarit, X. Yu, and S. Fan, “Robust wireless power transfer us-
ing a nonlinear parity-time-symmetric circuit,” Nature, vol. 546, no. 7658,
pp- 387-390, Jun. 2017.

J. A. Tenreiro Machado and A. M. S. F. Galhano, “Fractional order
inductive phenomena based on the skin effect,” Nonlinear Dyn., vol. 68,
no. 1, pp. 107-115, 2012.

B. Ross, “The development of fractional calculus 1695-1900,” Historia
Mathematica, vol. 4, no. 1, pp. 75-89, Apr. 1977.

A. A. Kilbas, H. M. Srivastava, and J. J. Trujillo, Theory and Applica-
tions of Fractional Differential Equations. Amsterdam, The Netherlands:
Elsevier, 2006.

1. Podlubny, Fractional Differential Equations. New York, NY, USA:
Academic Press, 1999.

A. G. Radwan and K. N. Salama, “Passive and active elements using
fractional LgC,, circuit,” IEEE Trans. Circuits Syst. 1, Regular Papers,
vol. 58, no. 10, pp. 2388-2397, Oct. 2011.

B. Zhang, R. H. Huang, and D. Y. Qiu, “Fractional order series resonance
system for wireless electric energy transmission,” U.S. Patent 9620965,
2017.

Y. Jiang and B. Zhang, “High-power fractional-order capacitor with 1 < «
< 2 based on power converter,” IEEE Trans. Ind. Electron., vol. 65, no. 4,
pp- 3157-3164, Apr. 2018.

Y. Jiang, B. Zhang, and J. Zhou, “A fractional-order resonant wireless
power transfer system with inherently constant current output,” /EEE
Access, vol. 8, pp. 23317-23323, 2020.

C. Rong, B. Zhang, and Y. Jiang, “Analysis of a fractional-order wireless
power transfer system,” IEEE Trans. Circuits Syst. I, Exp. Briefs, vol. 67,
no. 10, pp. 1755-1759, Oct. 2020.

Y. Jiang and B. Zhang, “A fractional-order wireless power transfer system
insensitive to resonant frequency,” IEEE Trans. Power Electron., vol. 35,
no. 5, pp. 5496-5505, May 2020.

X. Chen, Y. Chen, B. Zhang, and D. Qiu, “A modeling and analysis method
for fractional-order DC-DC converters,” IEEE Trans. Power Electron.,
vol. 32, no. 9, pp. 7034-7044, Sep. 2017.

A. U. Hassan, H. Hodaei, M. A. Miri, M. Khajavikhan, and D. N.
Christodoulides, “Nonlinear reversal of the PT-symmetric phase transition
in a system of coupled semiconductor micro-ring resonators,” Phys. Rev.
A, vol. 92, no. 6, Dec. 2015, Art. no. 063807.

M. Sivarama Krishna, S. Das, K. Biswas, and B. Goswami, “Fabrication
of a fractional order capacitor with desired specifications: A study on pro-
cess identification and characterization,” IEEE Trans. Electron. Devices,
vol. 58, no. 11, pp. 4067-4073, Nov. 2011.

H. Samavati, A. Hajimiri, A. R. Shahani, G. N. Nasserbakht, and T. H.
Lee, “Fractal capacitors,” IEEE J. Solid-State Circuits, vol. 33, no. 12,
pp- 2035-2041, Dec. 1998.

M. C. Tripathy, D. Mondal, K. Biswas, and S. Sen, “Experimental studies
on realization of fractional inductors and fractional-order bandpass filters,”
Int. J. Circuit Theory Appl., vol. 43, no. 9, pp. 1183-1196, Jan. 2015.

Chao Rong was born in Shanxi, China, in 1995.
He received the B.S. degree in electrical engineering
and automation from the South China University of
Technology, Guangzhou, China, in 2018, where he is
currently working toward the Ph.D. degree in power
electronics and power drives.

His research interests include wireless power trans-
fer technology and fractional-order system.

Bo Zhang (Senior Member, IEEE) was born in
Shanghai, China, in 1962. He received the B.S. de-
gree in electrical engineering from Zhejiang Univer-
sity, Hangzhou, China, in 1982, the M.S. degree in
power electronics from Southwest Jiaotong Univer-
sity, Chengdu, China, in 1988, and the Ph.D. degree
in power electronics from the Nanjing University
of Aeronautics and Astronautics, Nanjing, China, in
1994.

He is currently a Professor with the School of Elec-
tric Power, South China University of Technology,
Guangzhou, China. He has authored or coauthored more than 450 papers and
held 102 patents. He has authored eight monographs. His research interests
include nonlinear analysis, modeling, and control of power electronic converters,
and wireless power transfer applications.

Yanwei Jiang received the B.S. degree in electrical
engineering and the M..S. degree in control theory and
control engineering from Fuzhou University, Fuzhou,
China, in 2012 and 2015, respectively, and the Ph.D.
degree in power electronics from the School of Elec-
tric Power, South China University of Technology,
Guangzhou, China, in 2019.

He is currently a lecturer with Fuzhou University,
Fuzhou, China. His research interests include wire-
less power transfer applications, control of power
electronics, and fractional-order system.

Xujian Shu received the B.S. degree in electrical en-
gineering and automation from the China University
of Mining and Technology, Xuzhou, China, in 2015.
She is currently working toward the Ph.D. degree in
power electronics at the School of Electric Power,
South China University of Technology, Guangzhou,
China.

Herresearch interests include wireless power trans-
fer applications, power electronics converters, and
fractional-order system.

Zhihao Wei was born in Shandong, China, in 1990.
He received the B.S. and M.S. degrees in electri-
cal engineering from Qingdao University, Qingdao,
China, in 2015 and 2018, respectively. He is currently
working toward the Ph.D. degree in power electronics
and power drives at the School of Electric Power,
South China University of Technology, Guangzhou,
China.

His research interests include wireless power trans-
fer technology and fractional-order system.




<<
  /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


