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A Fractional-Order Wireless Power Transfer System
With Misalignment and Detuning Tolerance

Chao Rong

Abstract—For wireless power transfer (WPT) systems, param-
eter fluctuations and misalignment of coils will lead to frequency
detuning, which will, in turn, affect system performance and output
accuracy. In general, the conventional frequency-tuning strategies
rely on adjustable capacitors or inductors, which increase the
control complexity or require additional modules. Therefore, this
article proposes a fractional-order WPT system with adjustable
fractional order. The proposed system with misalignment and de-
tuning tolerance can provide a constant current (CC) or constant
voltage (CV) output. First, based on the coupled mode theory,
the frequency and output characteristics are analyzed. Then, a
frequency-tuning strategy based on the fractance element is pro-
posed. Operation modes and equivalent impedance of the fractance
element are analyzed. On this basis, control strategies of CC and CV
are designed for the transmitter and receiver, respectively, Finally,
an 864-W prototype is set up to validate the proposed frequency-
tuning strategy and control strategy. The proposed system has
robustness to misalignment and parameter fluctuations, which can
improve efficiency and output accuracy.

Index Terms—Constant current (CC)/voltage charging,
fractance, frequency tuning, wireless power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is a new type of power
W transmission and is changing the scheme of power sup-
ply in various fields [1]. Due to its unique safety, convenience,
and reliability, WPT is expected to become the ideal solution for
reliable energy supply in the fields of automatic guided vehicles
(AGV), electric vehicles, and implanted medical equipment.
With the development of AGV, the Li-ion battery is the key
component for storing and providing energy, and its safety and
reliability are crucial to the entire system. The high-cost problem
caused by installing many batteries can be effectively solved by
WPT. Obviously, WPT will play an important role in various
intelligent and unmanned applications. In addition, the charging
process of Li-ion battery is a complex electrochemical response.
Therefore, the charging solution should not only inhibit the
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polarization effect, but also control the temperature rise, thereby
improving the charging efficiency and service life of the battery.
At present, charging methods for batteries mainly have contin-
uous, intermittent, digital, and pulse charging methods. Among
them, the continuous charging method in stages such as constant
current (CC) and constant voltage (CV) is widely used [2].

In order to cope with different operating conditions, the con-
trol target of WPT systems mainly includes the adjustable output
current or voltage, the detuning tolerance, and the misalignment
tolerance. To achieve these control goals, the corresponding
amount of control variable freedom is generally required. In
terms of adjustable output current or voltage, the main solutions
include the design of passive compensation topology, additional
dc—dc converters, and controlled inverters and rectifiers. The
parameter design of compensation topology can effectively
reduce the sensitivity of output power to misalignment [3].
It does not require special coil design and complex control
strategies. However, the coupling range and output accuracy
still need to be improved. The reconstruction of compensation
topology not only has a large size, but also fluctuates during
the switching process [4], [5]. The additional dc—dc converters,
as an additional circuit link, can cause a substantial loss of
efficiency and it is not conducive to reducing costs and size [6].
In addition, a reconfigurable rectifier can effectively improve the
coupling range and system efficiency without complex design
[7]. Based on reconfigurable rectifiers, adding a clamping circuit
can build another two stable operating regions to effectively
improve misalignment tolerance [8]. A secondary active rectifier
control scheme in [9] achieves constant output by controlling
the effective impedance of the secondary. Different from the
conventional control strategy of semibridge active rectifiers,
this method avoids the additional reactive power and effectively
improves transfer efficiency. In order to improve misalignment
tolerance, the design of coils is one of the solutions for improving
misalignment tolerance. This solution aims to reduce the varia-
tion of mutual inductance so that stable output can be achieved
without complex control [10], [11], [12]. However, the problems
such as limited transfer range and low output accuracy still need
to be overcome.

In terms of the frequency detuning caused by parameter
fluctuations, the main solutions include changing the operat-
ing frequency and using a dynamic compensation network.
Changing the operating frequency in real-time to track the res-
onance frequency cannot adjust the resonance frequency of the
transmitter and the receiver separately. Meanwhile, the limited
adjustment range of frequency also brings limitations to this
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solution. The dynamic compensation network aims at changing
values of capacitance or inductance in real-time, which can be
divided into three categories: inductance or capacitor matrix
[13], switch-controlled capacitor (SCC) [14], [15], [16], and
variable inductor [17], [18]. The first category is generally with
the help of the combination of inductance or capacitance to
achieve impedance matching. Obviously, it is discontinuous to
change the value of the passive component through the matrix
switch, which will undoubtedly affect the output accuracy and
dynamic process of the frequency tuning. In order to improve the
speed of response, the methods of SCC and variable inductors
are proposed. In [14], a double-side frequency tuning control
with independent and adaptive compensation characteristics is
proposed. Benefiting from the characteristics of continuous and
rapid adjustment of SCC, the system has robustness to parameter
fluctuations and has higher transfer efficiency and voltage gain.
This system inevitably employs more capacitors and switches
to construct switched capacitors and has power limitations. The
third category is variable inductors. The principle of variable
inductors is to change the magnetic permeability of the magnetic
core by adjusting dc of the auxiliary winding, thereby controlling
the inductance of the main winding. Although this method
improves the adjustment range of the load, it inevitably increases
the eddy-current loss of the variable inductor. In addition, re-
dundant auxiliary coils and communication modules are often
required to achieve double-side frequency tuning [16]. In sum-
mary, the dynamic compensation network can solve the problem
of frequency detuning caused by parameter fluctuations, which
has a fast response speed and a wide adjustment range. However,
it also faces some problems, such as power limitation, high cost,
and complex control.

In practical applications, the load and transfer distance vary
over a wide range and frequency detuning is also inevitable.
It can be found that the strategy of adjusting the operating
frequency or dynamic compensation network cannot completely
solve the above problems. Broadening the attention point to the
fractional order, fractance elements have been successfully ap-
plied in many fields [19], [20]. By combining fractional calculus
with WPT, a fractional-order WPT (FOWPT) system has been
proposed. Benefiting from the frequency characteristics of active
fractional-order capacitors, real-time parameter identification of
mutual inductance and load can be achieved [21]. However,
the accuracy of parameter identification depends heavily on
self-inductance, capacitance, and sampling accuracy. For coils
with ferrite, the self-inductance will vary with misalignment.
Parameter fluctuations will put forward higher requirements for
WPT systems. Fortunately, fractional order elements can not
only flexibly adjust the output power and frequency, but also
change the reactance component by adjusting the fractional or-
der. Therefore, FOWPT has great potential to solve the problem
of frequency detuning and achieving constant output.

This article will focus on the misalignment and frequency
detuning in wireless charging systems of AGV. To overcome the
above problems and achieve stable output, a FOWPT system is
proposed and has the following features.

1) A FOWPT system based on the fractance element is

proposed, and the coupled model of the detuned system

14885

Fig. 1. Schematic diagram of the proposed FOWPT system.

is established. Compared to the circuit model, the cou-
pled model reduces the order of the equation, making it
possible to solve the characteristic frequencies. According
to the operation modes of the fractance element, the soft
switching is designed.

2) Based on the coupled model and an improved perturba-
tion and observation (P&O) algorithm, a frequency-tuning
strategy is proposed. Compared to other strategies, this
strategy relies on the frequency characteristics of the sys-
tem, which does not require wireless communication and
complex structures.

3) CC and CV control strategies of transmitter and receiver
are proposed respectively. The high-accuracy CC or CV
output with misalignment tolerance and detuning toler-
ance is achieved, which relies on the coordination of
the integer-order circuit on the transmitting side and the
fractional-order circuit on the receiving side.

Knowing these descriptions in mind, the rest of this article
is organized as follows. In Section II, operation modes and
equivalent parameters of the fractance element are analyzed, and
a coupled model of the detuned system is established. Based
on this model, a strategy of frequency tuning is proposed in
Section III. Section IV designs CC or CV control strategies
for transmitters and receivers. Subsequently, a prototype with
misalignment tolerance and detuning tolerance is established in
Section IV. Finally, Section V concludes this article.

II. SYSTEM STRUCTURE AND DETUNING CHARACTERISTICS
A. System Structure

Fig. 1 represents a schematic diagram of the proposed FOWPT
system, which consists of an excitation source u;, a compensa-
tion network, coils, and fractance element. The energy is wire-
lessly transmitted through mutual inductance M and ultimately
supplied to the load through the fractance element.

The transmitter comprises a primary-side inductance L;, a
primary-side capacitance C, and an internal resistance R; that
are connected in series. The receiver comprises a secondary-side
inductance Lo, an internal resistance R», and fractance element
Z, that are connected in series. In addition, Z, and v are the
pseudo-impedance and fractional order of the fractance element,
respectively. The characteristic equation of the fractance element
can be expressed as

dvi (t)
dtv

where the range of the fractional order v is (—2, 2); v(¢) and i(¢)
are the voltage and current of the fractance element, respectively.

v(t) =2, ey



14886

Fig. 2.

Circuit diagram of the FOWPT system.

If v is a fraction, d "/dt’ is termed as the fractional order deriva-
tive. The fractance element can be equivalent to resistance com-
ponent Rz, = w'Z,cos(vr/2) and reactance component X z,, =
w"Z,sin(vr/2). It is noted that the order v in the proposed system
is designed to satisfy —1 < v < 0. And the fractance element can
be equivalent to a capacitance and a positive resistance, which
is beneficial for achieving frequency tuning and soft switching
design.

According to the schematic diagram, the corresponding cir-
cuit diagram of the FOWPT system for frequency tuning and
CC/CV charging is designed, as shown in Fig. 2. V; is the
dc voltage source. Four MOSFETs S;—S4 are controlled as a
full-bridge inverter; the other MOSFETs S5—Sg and capacitor Cyy
are controlled as a fractance element, which supplies energy to
the battery. It is noted that Rp is the equivalent resistance of
the battery. In the sampling circuit, the zero-crossing detection
includes an amplifier (Amp) and a hysteresis comparator (HC).

The existing methods for constructing fractance elements
mainly include arrays of RLC components, electrochemical
methods, silicon process technology, and operational Amp cir-
cuits [22]. However, based on the above methods, the fractional
order and output power cannot be flexibly adjusted according
to the requirements of transfer distance and load. These ap-
proximate construction methods have significant limitations and
cannot be applied in WPT systems. To construct a FOWPT
system, this section will construct a fractance element with
adjustable fractional order based on power electronic converters,
as shown in the green dashed box in Fig. 2.

For WPT systems with high Q-values, high-order harmonics
are hardly through it. Therefore, the fundamental wave analysis
method is used to analyze the characteristics of the fractance
element. According to the circuit theory, the excitation source

V,»formed by the inverter can be expressed as

24/2V, 1)
V2V sin 5144,0171 2)

Vab =

where 0; = D7 is the pulse width of the inverter; ¢, is the
phase difference between the current i; and the fundamental
component v,,. Similarly, voltage v.4 can be expressed as

2V2Vp . 6o
T

Vcd = sin Eégopg 3)

where do = Do is the pulse width of the fractance element;
¢p2 is the phase difference between the current iy, and the
fundamental component v.4. Adjusting d2 and ¢, can flexibly
adjust the output power and the natural resonant frequency of
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Fig. 3. Operation modes of the equivalent circuit of the fractance element.

the receiver, thereby achieving efficient and stable WPT. In fact,
the impedance and fractional order of Z, are determined by the
pulse width 2, phase (2, and the load Rp.

In order to analyze the equivalent parameters and soft switch-
ing conditions of the fractance element, operation modes are
shown in Fig. 3. uss and iy, are the voltage and current of
the fractance element, respectively. Generally, the phase of is
is controlled to be ahead of the phase of v.4 to facilitate the
realization of soft switching. Based on the above design, The
first half-cycle is described as follows.

Mode 1: Switches S5 and Sg are turned ON, and the system
supplies power to C42 and load Rp.

Mode 2: The current flows through switches S5 and Sg in the
opposite direction, and the capacitor C o supplies energy to
the system. After hard-switching off S5 and soft-switching on
S¢, mode 3 comes.

Mode 3: During this mode, v .4 is zero. The current flows through
the antiparallel diodes of switches Sg and Sg. The load Rp is
powered by the capacitor Cys. After hard-switching off Sg
and soft-switching on S7, mode 4 comes.

Mode 4: The current flows through switches Sg and S7 in the
opposite direction, and the system supplies power to capacitor
Cg2 and load Rp.

Mode 5: Switches S¢ and S; are turned ON, and the capacitor
C 4o supplies energy to the system. After hard-switching off
Se and soft-switching on S5, mode 6 comes.

Mode 6: During this mode, v is zero. The current flows through
S7 and the antiparallel diodes of switches S5. The load Rp is
powered by the capacitor C42. And then S7 is turned OFF with
hard-switching and Sg is turned ON with soft-switching.
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Fig. 4. Control signals and operating waveforms of the fractance element.
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Fig. 5. Waveform diagram of voltage v.q4 and current i .

Fig. 4 depicts the control signals and operating waveforms of
the fractance element, where the operation modes 1-6 in Fig. 3
are listed in detail. The current i5, is ahead of the voltage v .q4;
the pulse width 5 and phase 6 can be expressed as D7 and
(1 —Do)7/2, respectively. The counter CTR1 of the c-bridge
arm lags the counter CTR2 of the d-bridge arm, and the lagging
phase is 26. First, the high-frequency current is s in the receiver
generates an in-phase square wave signal through a sampling
circuit, a phase compensation network, and a HC. The digital
controller obtains the phase and frequency of is¢ by capturing
the rising edge PS1 of the square wave. Then, the counters
CTR1 and CTR2 of the two PWM modules are in the down
count mode. The drive signal ugs.¢ will flip the level at O
and 0.5+T,ax1,2. In addition, two switches of the same bridge
arm reserve a certain dead time to release the charge from the
output capacitors of MOSFETS. Finally, through phase control, the
voltage v.qis generated. The lead phase ¢,,» can be controlled by
regulating the values of T},1,51 to adjust the resonant frequency of
the receiver. By adjusting the synchronization phase Tpy,s2, the
pulse width d5 of v.4 can be changed to adjust the output current
or voltage. For the transmitter, when the corresponding ¢, is
controlled to 0, the output voltage v, of the inverter is in phase
with the output current i1, and the transmitter is in zero-phase
mode.

Fig. 5 shows the waveform diagram of voltage v.4 and current
i2s, Where the phase of is is ahead of the phase of v 4, and the
lead phase is ¢p2. Vg and ¢,2 can be adjusted by the controller.
Assuming that the current ios = V215, sin wt, it can be obtained
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that
IZS
Volp, = L(7/2) + Zealos Zpea- 4)
WCQf
According to (3), the voltage Vcd can be expressed as
. 24/ 2 .
Vea = iRBIBSiD<62/2> e J¥r2, (@)
s

When the loss of switches is ignored, it can be obtained that
the current /5 of the load R can be expressed as

1 %-ﬁ-%-ﬂ&pz
Ig=— / V215 sin (wt) d (wt)
5

5
m 2 —Z+ep2

2v/2
= i]gs €OS po sin (62/2) . 6)
™
Thus, the equivalent impedances of ports ¢ and d can be
expressed as

Vea
j2s

chégocd = = Rcd + chd

4 . .
= ﬁRB (1—cos da) (coszgopg —J COS ppa Sin ) -
(7N

According to (4) and (7), the pseudo-impedance Z,, and frac-
tional order v of the fractance element can be expressed as

1Z,| = \/R‘gjd 4 {Xcd .

- Xcd7
v=3 arctan

2 ®)

Then the corresponding equivalent resistance and reactance
can be derived as
R, = %RB (1 — cos d2) cos®ppa
1 4 :
X, = 50 — = Rp (1 — cos d2) cos ppa sin @po

&)

It is worth noting that the designed fractance element is
more general. Its pseudo-impedance and fractional order can
be adjusted in real-time according to requirements of frequency
detuning and output. Considering that the range of the phase ¢,,o
is (0, 7/2), the corresponding equivalent capacitance Cy can be
expressed as

7T202f

Cy = .
2 4wRp (1 — cos d2) €OS @pa sin ppaCay + T2

(10)

It can be found from (9) and (10) that the equivalent parame-
ters of the fractance element are not only related to the control
variables ¢,2 and d2, but also to the load Rp and capacitance
Cay. Importantly, the accuracy of capacitance Cay of fractance
element is crucial. Therefore, multilayer ceramic capacitors with
COG dielectric are employed, which are connected in series and
parallel to construct the capacitor Cy . Fig. 6 draws the equivalent
resistance and capacitance adjustment range of the fractance
element when Rp = 50 €. On the one hand, the equivalent
resistance R, increases with the increase of do and decreases
with the increase of ¢p2. On the other hand, the equivalent
capacitance Cy decreases with the increase of d; it decreases
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Fig.6. Equivalentresistance and capacitance adjustment range of the fractance
element. (a) Equivalent resistance R,,. (b) Equivalent capacitance Ca.

first and then increases as ¢,,2 increases. There is a minimum
value when ¢,> = m/4. Meanwhile, the larger the capacitive
reactance provided by the fractance element, the narrower the
adjustment range of its equivalent resistance. The maximum
equivalent resistance that can be transformed is within the range
of [4Rp/m?, 8Rp/m?]. Therefore, when designing the output
characteristics of the system, it is necessary to fully consider
the impedance characteristics of the fractance element to meet
the requirements of CC and CV.

B. System Model and Frequency Characteristic

In the proposed system, the transmitter is an integer-order
circuit. In order to achieve frequency tuning of the system, the
inverter is controlled to be in zero-phase mode, i.e., the output
voltage v, of the inverter is in phase with the output current 7; .
Considering (2), v, of the inverter in Fig. 2 can be expressed as

4vy .
Vap = —— si

"2 T (o
where 9§ is the pulse width and v, is in phase with current ;.
The inverter can be equivalent to a negative resistance and satisfy
—Ry, = 4wV sin(61/2)/|i1|. It is noted that the operating fre-
quency of the system will be determined by the transfer distance
and the load, which is analyzed in detail below. According to
(9), (10), and Kirchhoff’s voltage and current laws, the dynamic
equation of the proposed system in Fig. 2 can be expressed as

Rapiy = v1 + L1°7 d“ + Md” + Ryiq

0—v2+L2ﬂ2+Md“+(R2+R) (12)
n=0Cy Zl’t”,n—l 2

Since the proposed FOWPT system has multiple controllable
parameters, the coupled mode theory is adopted to simplify the
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analysis. Compared to the circuit model, the coupled model
reduces the order of the differential equation by half [23],
which greatly reduces the complexity of modeling and analysis.
Considering that the proposed system has high-quality factor,
the coupled model has a certain accuracy. More importantly, the
reduction in the order of the mathematical model makes it possi-
ble to solve the characteristic frequency of the proposed system.
According to the coupled mode theory [24], the relationship
between state variables and forward/reverse rotation modes can
be defined as

e . | Ly .
Ap+ = 7n?]n j:] %Zn(ﬂ = 1,2)

(13)
Substituting (13) into (12), it can be obtained that
G = o +EGE - 26+ 2V26G /
Vl0are + laa \2 (14)

% = —jwaXa + /f -2 +Ty)&
S = —jwnbn,n = 1 2

where ¢, = apy—a,  and x, = a,i+ta, ; Gy =
2V sin(8y/2) /my/2L, is the gain coefficient; the coupling
strength of M is defined as k = M/(L,L3)"*; T',, = R,, 2L, is
the intrinsic loss rate (n = 1, 2); T',, = R, /2L is the loss rate
due to the load; w,, = 1/y/L,,C,, is the natural resonant angular
frequency. Since the amplitude of the forward and reverse rota-
tion modes are the same, the reverse rotation mode is selected
for analysis. Considering high-quality factor and ignoring the
second-order small quantities, the coupled mode equation (14)
can be further derived as

{dditl: (jw1+%—F )al—&-j/mg

J : (15)
92 — [jwy — (g 4+ T'y)] as + jray

where k = \/wiwzk/2 is coupling rates between the coupled
modes. Assuming the form of the solution is a; o = Ame"“’,
the characteristic equation of (15) can be derived as

Fl) (j (wg —w) =Ty —T,) + k% =0.

) G1
(J (w1 *W)er
(16)

By separating the real and imaginary parts and variable substi-
tution w = x + 2wy/3 +w1/3, (16) can be organized into a cubic
equation x° +px+¢q = 0, where p = —~*/3+ (s +1,)*>—K2,
q=2712T-~[(T2+T )’ =r*Y3+y(T2+T,)° and y=ws—
w1. This equation can be solved by the Cardano Formula, and
three characteristic frequencies can be obtained as

Wel = 01 + 02 +2WQ/3+CU1/3
wey = o1 + 202 + 2wz /3 4+ w1 /3
Weg = 201 + Bog + 2w /3 + w1 /3

—1+V3i)2, A = @2)? + @B o=

Y/—q/2 + VA and 05 = {/—q/2 — VA. A is defined as the

discriminant of the cubic equation. When A >0, the proposed
system has a real solution and a pair of conjugate complex solu-
tions; when A <0, the proposed system has three real solutions.

a7

where (3 =
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A special case will be considered. When the system frequency
matches (w; = ws), the discriminant can be further simplified as
A = {[(T'3+T',)>—x>]/3}>. This system satisfies the parity-time
symmetry condition [25], and the system is also divided into two
areas: when k < k.o (A >0), there is one real frequency solution
we1; when k> k.o (A <0), the system has three real frequency
solutions, where two stable solutions can be expressed as [26]
k2 — (Ty +T,)?

We2,c3 = wo £ (18)

where the corresponding critical coupling strength k.o =
(Ra+R,)/2Ls.

Fig. 7 depicts the characteristic frequency as a function of
coupling strength k under conditions of frequency detuning and
frequency matching. As shown in Fig. 7(a), when the system
is detuned (w; # w2), the system is divided into two regions
by k.1: when k<k.1, the system has a real frequency solution
we1; when k> k.1, there are three real frequency solutions. It
is worth noting that in this region, w5 is an unstable frequency
solution, and thus the system will not operate at this frequency
[27]. The black dotted line in Fig. 7 shows the natural resonant
frequency of the transmitter w;. Since the self-inductance of
coils with ferrite varies with misalignment, the natural resonant
frequency is inevitably detuned. A similar result can be obtained
from Fig. 7(b) as well. However, due to changes in wy and w1,
the output characteristics do not have the robustness shown in
parity-time symmetric systems.

In addition, when the detuning system is in the region of
k <k.2, the operating frequency can be adjusted by adjusting
the natural resonance frequency wo of the receiver. When the
operating frequency w is equal to wq, the system is frequency
matching (wy—wy = 0). k.o can be reasonably set by adjusting
R,. Obviously, the frequency characteristics shown in Fig. 7
provide an effective solution for the frequency tuning of the
FOWPT system, which will be analyzed in detail in Section III.

Compared to circuit theory, the coupled model not only re-
duces the order of equations, but also obtains the characteristic
frequencies of multivariable systems. Besides, according to (15)
and (16), the output power and transfer efficiency of the system
can be obtained as

o', k2
(W—wy)® + Ty +T,)°
(OJ —OJQ) G1 2

X (w—w)) T +Ty) + (w—wa) Ty (9)

P, =
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2K2T,
2 [(w —w)? 4 (Ta + FU)Q} )+ 262 (Dg + 1)
(20)

n:

III. SYSTEM DESIGN AND CONTROL STRATEGY

Under the actual operating conditions, fluctuations in transfer
distance, load, and inductance have significant effects on the
robustness of the WPT system. In order to overcome these
problems, this section will provide a detailed analysis of system
design, frequency tuning strategies, and CC/CV control strate-
gies.

A. System Design

In the proposed system, the transmitter and receiver are
integer-order circuits and fractional-order circuits, respectively.
According to operation modes of the fractance element in Fig. 3,
reducing the adjustment range of d- is conducive to achieving
soft switching and increasing the adjustment ability of detun-
ing. Therefore, the frequency and duty of the transmitter are
designed to have CC or CV output characteristics, while the
fractance element of the receiver provides frequency tuning and
high-accuracy output. The misalignment tolerance and detuning
tolerance can be achieved by the coordination of integer-order
circuits and fractional-order circuits.

Under the ideal conditions of w; = we = wog = 27fpy and
ignoring the internal resistance of circuits (R; = Ry = 0), when
the output voltage v,;, of the inverter is in phase with io, the
system will maintain CV output independent of the load [28].
The corresponding operating frequency is fy =fo/v/1 — k or
fr =fo/v/1+ k. In this case, the voltage gain G, of the output
voltage v, to the voltage v, of the inverter can be derived as

[ Lo
G, = I

It can be found that the voltage gain is only related to self-
inductance when the system operates at frequency fy or fr.
Obviously, when self-inductance varies with misalignment, the
voltage gain G, will also change. Considering the adjustment
range of the equivalent resistance R, of the fractance element,
this voltage gain G, should be set to the maximum value
/Lo max/L1min to satisfy the requirements of output power
in the entire charging region.

It should be noted that the load-independent CV output char-
acteristics need strict constraints. On the one hand, it is required
that the resonant frequencies wy = wo = wg = 27fy and the
internal resistance Ry = Ro = 0. On the other hand, it is required
that the ratio of the self-inductance is constant. In application,
these conditions are difficult to satisfy because of misalignment,
which seriously affect the CV characteristics. Therefore, the
designed system should have the ability of frequency tuning
and rely on the fractance element to correct the output.

When the condition of w; = wo = wo = 27fy can be satisfied
and the operating frequency is also set to f, the system has a
CC output characteristic. In this case, the current gain G; of the
output current i, to the voltage v, of the inverter can be derived

21
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Fig.8. (a)Flow chart of frequency tuning. (b) Switching circuit of the receiver.

| Collect operating frequency f(k) |

| F(k) =Itk) — /il |

AF(k)=F(k) — F(k-1)
Appa(k)=ppa(k) — gk —1)

Yes:
NoYes

W YesTNo—~<Ag(k) > 07

A4
[ Agpalkt 1)=0p,nk) 0] AP Appk) | |

e

Agpa(k+1)=Agpa(k)—px| AF(k)/Appa(K) |

Improved P&O algorithm.

Fig. 9.

as 1/2mfoM. According to the definitions of resonance frequency
fo and fx, the gain coefficient G, can be derived as

2
G; = fH—\/a (22)

(& = 1§) VL2
where self-inductance Lo is taken as the minimum value Layin
over the charging region, and thus the gain coefficient can meet
the output power requirements over the entire charging range.

B. Frequency Tuning

Fig. 8 shows the flow chart and switching circuit of the
receiver. The entire charging process can be divided into the
following three stages.

1) Initialization: The transmitter is controlled in zero-phase
mode (v, and iy are in phase) with a small initial pulse
width. When the receiver with no load enters the charging
region, the transmitter records the no-load frequency f;
and operates at this frequency.

2) Frequency tuning: After the switch in Fig. 8(b) is switched
from 1 to 2, the transmitter operates in zero-phase mode.
Start the improved P&O algorithm in Fig. 9 to adjust the
fractional order of the fractance element. Meanwhile, the
operating frequency range and initial frequency of the
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Fig. 10.  Adjustment process of operating frequency when R = 80 €.

transmitter are limited to the high-frequency band. After
the P&O algorithm ends, record the corresponding Coy.cf.

3) Frequency detection: The equivalent resistance R, and

capacitance Cy of the fractance element are controlled to
Rg and Coyef, and record the corresponding frequency fr.
Finally, the switch is switched from 2 to 3 to start wireless
charging.

Fig. 9 shows the improved P&O algorithm for frequency
tuning based on the fractance element. The improved P&O
algorithm is a variable step-size algorithm, where the constant
w is a scale factor. In order to ensure the convergence of the
algorithm, the scale factor p needs to meet the constraints shown
in (23), where Agpomax is the maximum disturbance step size
allowed by the fixed step size algorithm. Besides, to prevent the
impact of large disturbance step sizes on system stability, it is
necessary to limit the adjustment range of ¢,,o

AF
< A max N
= s /’ Apps

Fig. 10 shows the adjustment process of operating frequency.
Benefiting from the fractance element with adjustable order
and the P&O algorithm, the operating frequency gradually ap-
proaches the black curve from the red curve. When the operating
frequency approaches the no-load frequency f at the current
position, the natural resonant frequencies of the transmitter and
receiver remain consistent (wy; = we = wg = 27fp), and the
tuning process is completed. The effectiveness of the tuning
process will be demonstrated in the experimental section.

According to the frequency tuning strategy and the frequency
characteristic of the zero-phase mode, the frequency fx of the
transmitter in CV mode can also be obtained. Considering the
expression fi =fo/v/1 — k and (18), fi can be derived as

_ fo
fu =
V1= i o+ (B

where I's = Rg/2Lo; fris obtained from Fig. 8(a); the equivalent
resistance Rg is set to 10 €2 and its corresponding critical
coupling strength k.o is 0.12. Different from the closed-loop
control, when the equivalent resistance R, and capacitance Co
are set separately, the coupling relationship between pulse width
02 and phase ¢,2 needs to be considered. Therefore, according

. (23)

(24)
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Fig. 11.  (a) Control block diagram and (b) flow chart of CC and CV mode in
the receiver.

to (9) and (10), 65 and ¢, can be decoupled as

- _ Coy—Coer
pp2 = arctan 37 ComCay R 25)
_ . _ 2 Rg
o = arccos (1 Thrcos o

C. Design of the Control Strategy

After frequency tuning and obtaining the corresponding Cayef
at the current position, the fractance element needs to maintain
the frequency matching (v = ws—w; = 0) during the charging
process, that is, the capacitance component Coe¢ should be
maintained constant. According to the designed tuning process
in Fig. 9 and (10), the phase ¢,,» can be deduced as

7 (Cqr — C
pp2 = — arcsin (Coy oref)

2
2 4fRp (1 — cosda) CofCorer (20)

where the operating frequency f is set to fy and fz in the CC
mode and CV mode, respectively. The operating frequency is
controlled by the transmitter. For the receiver, Fig. 11(a) gives
the control block diagrams of CC and CV modes. The proposed
system can achieve CC or CV output by jointly adjusting the
pulse width d» and phase ¢,,2 of the fractance element. Fig. 11(b)
gives the flow chart of the receiver. When starting wireless
charging, the fractance element operates in CC mode or CV
mode according to the information of battery and maintains
the equivalent capacitance Cs equal to Ca.er by adjusting the
fractional order. When the receiver is in CV mode and the output
current is less than the cutoff current / i, = 0.4 A, the charging
process ends.

In order to ensure that the system can provide sufficient output
power to maintain CC or CV over the entire charging range, it is
necessary to design the dc voltage source V; of the transmitter.
Considering that the fractance element can reduce the equivalent
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Flow chart of transmitter during the charging process.

resistance of the load within a certain range, the output charac-
teristics should have an output margin to make it possible for the
fractance element to adjust the output power. This characteristic
is mainly determined by the operating frequency and duty of the
transmitter. Fig. 12 gives the flow chart of the transmitter. First,
the transmitter operates in CC mode. When the dc input power
Py, is greater than the minimum input power Pcemin/Mmin in CC
mode, the transmitter continues to operate in CC mode, and the
corresponding operating frequency and duty are fy and D1 _cc,
respectively. When Pi,, < Peemin/Mmin, the transmitter turns on
CV mode, and the corresponding operating frequency and duty
are fry and D1 _.y, respectively. Therefore, the curve of output
power under initial conditions can be depicted as the purple
curve in Fig. 13(a). The black curve depicts the power required
by the battery, where R,, of the battery is derived according to
(9) and (26). In order to achieve CC output required by the load,
according to (2), (6), and (22), the duty D.; .. can be derived as

K ccﬂ-zlref
8G;iVy
where K. is the margin coefficient of current, taken as greater

than 1. Similarly, according to (2) and (21), it can be deduced
that the duty in CC mode is

27

2 .
D,y . = — arcsin
- T

Kcvv;ef
VG,

where K., is the margin coefficient of voltage, taken as less
than 1. The margin coefficients are beneficial for improving
the robustness of the system under parameter fluctuations and
also take into account the errors of frequency tuning and model.
The deviation of the output is finally adjusted by the fractance
element according to Fig. 11(a).

The green track and the red track in Fig. 13(b) show the
charging process under different battery states. According to
the flow chart in Figs. 8(a) and 11, the fractance element of
the receiver participate in frequency tuning and output control.
When the system switches from CC mode to CV mode, the
receiver switches the closed-loop control strategy first. After
detecting a decrease in power, the transmitter switches to the
operating frequency and duty of CV mode. When the power is

2
D.; v = — arcsin (28)
T
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Fig. 14.  Experimental prototype of the proposed system.

less than the set value P,,;,, wireless charging will be stopped. It
can be seen that the proposed control strategy of the transmitter
greatly improves the adjustable load range and is also conducive
to the realization of soft switching. Through the coordination
of integer-order circuits in the transmitter and fractional-order
circuits in the receiver, a CC/CV wireless charging with mis-
alignment tolerance and detuning tolerance can be achieved.

IV. EXPERIMENT
A. Design of the Prototype

This section will validate the feasibility of the proposed
method by constructing a FOWPT system. Besides, misalign-
ment tolerance, detuning tolerance, and output accuracy of
this system will also be verified. The experimental proto-
type is shown in Fig. 14. In the power circuit, MOSFETSs are
IMW120R030M1H; in the control circuit, the transmitting and
receiving controllers are DSP TMS320F28377D; the coil adopts
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TABLE I
CONFIGURATION OF THE PROPOSED SYSTEM

Symbol Description Value
Va DC input voltage 320V
R, Internal resistance of transmitter 260 mQ
R, Internal resistance of receiver 140 mQ
Ry Resistance of frequency tuning 80 Q
C Capacitor of transmitter 4 nF
Cy Capacitor of fractance element 9.33 nF
L Self-inductance of Tx coil 130.5—-142 uH
L, Self-inductance of Rx coil 59—-63.2 uH
w21 Natural resonance frequency 208—220 kHz
D Vertical transfer distance 5—10cm
p Offset transfer distance 0—8 cm
. . 45-54 (CC)
Rp Equivalent resistance of battery 54-540 (CV)
o T ] g sos e
5 1207 & —+—D=10cm
204 g 503
e B E02euua,,,
502 805 5 | B 0%y
Soaf- L. Pt
5 6 7 8 9 10 01 2 3 4 5 6 7 8
D (cm) p (cm)
(a) (b)
Fig. 15.  Coupling strength k and self-inductance L1 2 as a function of vertical

distance D and offset distance p.
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X
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Fig. 16.  Frequency detection in zero-phase mode. (a) D = 5 ¢cm, p = 0 cm.

b)yD=8cm,p=0cm.(c)D=8cm,p=0cm. (d)D=8cm, p=38cm.

®0.05 mm x 2000 silk-covered wire. In addition, the parameter
configurations of the proposed system are given in Table I.

To verify the tolerance for misalignment and frequency de-
tuning, Fig. 15 gives the coupling strength k and self-inductance
L, 5 as a function of vertical distance D and offset distance p.

B. Experiment Result

First, according to the strategy shown in Fig. 8, the frequencies
fo and fr can be detected before charging when the transmitter
is in zero-phase mode. Fig. 16 shows the frequencies f; and fr
in the no-load condition and the tuned state, respectively. Then,
according to (24), (27), and (28), the operating frequency and
duty of the transmitter in CC and CV modes can be derived.
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Fig. 17.  Frequency tuning process when D = 8 cm, p = 0 cm.
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Fig. 18. Experimental waveforms. (a) D =5 cm, p = 0 cm, Rp=45 Q2. (b) D
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=8cm,p=8cm,Rp=54Q.(e)D=8cm,p=8cm,Rg=200. (f)D =
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Fig. 17 gives the frequency tuning process. To demonstrate
the frequency tuning strategy of the FOWPT system, a 5 uH
inductor is connected in series on the receiving side to increase
the detuning. In this case, frequency tuning can still be achieved
by adjusting the order of the fractance element. The phase
angle of ios and v g4 gradually changes from 0 to 15 degrees,
so that the operating frequency satisfies |[f(k) — fy| < € and the
corresponding Co,of = 8.27 nF. The tuning strategy has been
verified, which improves the efficiency and provides conditions
for the CC/CV control strategy.

Fig. 18 is the steady-state waveform of the system, which
shows the misalignment tolerance and CC/CV output accuracy
of the tuned system. With the precise adjustment of the fractance
element on the receiving side, the system can ensure CC and
CV outputs. Benefiting from operation modes of the fractance
element in Section II and the control strategy of CC/CV modes
in Section III, the proposed system can achieve soft switching in
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Fig. 21.  Power loss under different cases. (a) Without frequency tuning.
(b) With frequency tuning.

most charging regions. Besides, Fig. 19 verifies the switching of
CC and CV control strategies of the transmitter in Figs. 11 and
12. When the load is switched from 54 to 60 €2, the transmitter
can smoothly switch from CC mode to CV mode. For the step
change in CV mode, the fractance element can also respond
quickly.

To demonstrate the output accuracy during the charging pro-
cess, Fig. 20 gives the current /g and voltage Vg and dc—dc
efficiency 7 in the charging process when D = 8 cm. With the
help of soft switching, the highest dc—dc efficiency 7 is 95.1%.
The experimental results show that the proposed system has a
high-accuracy CC/CV output in the case of frequency detuning
and wide load range.

Due to the misalignment and parameter drift, frequency de-
tuning is inevitable in practical applications. In this experimen-
tal prototype, the natural resonant frequency (w1/27) of the
transmitter is higher than that of the receiver (w2/27). As the
coupling strength k decreases, the degree of frequency detuning
will gradually increase. Fig. 21 shows the power loss without
and with frequency tuning when k = 0.196. Benefiting from the
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TABLE II
COMPARISONS WITH PREVIOUS WORKS

Reference [3] [4] [9] [11] [14] This work
Rx Coil size (cm) 11x11 15x15 NA 45x45 36%36 20%20
No. of passive components 7 8 8 9 8 4

No. of Switches/diodes 4/4 6/4 6/2 4/4 8/4 8/0
Misalignment of D:N/A D:2 NA D: 15 D: 6-12 D: 5-10

D and p (cm) p: N/A p: 0 NA p: 0-18 p: 0-12 p: 0-8
Range of k 0.14-0.28 0.491 0.19 0.073-0.076 0.1-0.44 0.196-0.46
Frequency tuning No No No No SCC FOWPT
Soft switching ZVS ZVS No ZVS ZPA ZVS
Ccc/cv No Ccc/ev Ccc/cv cC No CC/cvV

frequency tuning and ZVS, rectifier loss is effectively reduced
and the dc—dc efficiency can be improved by 1.2%.

C. Discussion and Comparison

Table II compares the proposed system in this article to
those in previous works. It is worth noting that quantitative
comparisons are unfair due to differences in the parameters of
different works. Therefore, qualitative comparison is of con-
cern. Compared with the parameter design [3], this method has
higher output accuracy. Compared with the passive high-order
compensation topology [4], the proposed system has fewer pas-
sive components. Compared with the secondary active rectifier
control scheme [9], both methods can achieve high-accuracy
CC/CV without wireless communication. Benefiting from the
proposed control strategy and parameter design, this method
can also achieve frequency tuning and ZVS. Compared with the
new coil design [11], this method does not require a complex coil
design, and the offset direction is arbitrary. Compared to active
matching [14], this method has no power limitations and fewer
components. In this article, under wide coupling coefficient
and load conditions, the transmitter provides a wide range of
adjustments for power and CC/CV characteristics by controlling
operating frequency and duty. Meanwhile, the fractance ele-
ment achieves frequency tuning and adjustment of output based
on the frequency characteristic and designed control strategy.
Therefore, the proposed system has misalignment and detuning
tolerance under a wide range of coupling and loads. This is
valuable for the widespread application and industrial promotion
of wireless charging.

V. CONCLUSION

In this article, aiming at improving the system efficiency and
the accuracy of CC/CV, a FOWPT system with adjustable order
is proposed. According to the operation modes of the fractance
element and the coupled model of the detuned system, the
tuning strategy and the CC/CV control strategy of transmitter
and receiver are proposed, respectively. The proposed strategies
have been verified by an 864-W prototype, which achieves soft
switching and widens the load range (45-540 2). The proposed
system has high-accuracy CC or CV output under conditions of
misalignment and frequency detuning, which is crucial to the
application of wireless charging. In future work, we will focus

on the tuning and CC/CV control strategy in dynamic wireless
charging based on fractional-order circuits.
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