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A Fractional-Order Wireless Power Transfer System
Insensitive to Resonant Frequency

Yanwei Jiang and Bo Zhang , Senior Member, IEEE

Abstract—Since electric power was first transferred wirelessly
by Tesla over a hundred years ago, wireless power transfer (WPT)
systems have always been composed of integer-order components,
such as inductors and capacitors. Recent studies have shown that
efficient WPT can be achieved in the range of tens of centime-
ters or even meters by using magnetic-coupling of two or more
integer-order resonant circuits. However, their transfer efficiency
and output power are highly sensitive to the resonant frequency.
Unfortunately, the resonant frequency is easily disturbed by metal
or nonresistive load and so on in real-world application, which
will unavoidably lead to transfer efficiency reduction and unstable
output power in these integer-order circuits. Therefore, this article
proposes and experimentally demonstrates a fractional-order WPT
system containing a fractional-order capacitor, in which the trans-
fer efficiency and output power are inherently stable and insensitive
to the resonant frequency. The results show that the efficiency and
output power only change within 1% when the receiver resonant
frequency is detuned by ±5%. In contrast, the WPT systems that
are sensitive to the resonant frequency suffer from fall in the
efficiency of around 30%, and a largely unstable output power.
The available experiments verify the effectiveness of the proposed
system.

Index Terms—Fractional-order, resonant frequency, wireless
power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) has been considered to
be a promising alternative technology to cable charging,

due to the inherent advantages of flexibility, safety, convenience,
and galvanic isolation [1]. In recent years, WPT technology has
been applied in a large number of civil occasions and promoted
to the market, such as portable electronic devices, implantable
medical devices, kitchen appliances, electric vehicles, lighting
application, and so on [2], [3]. Moreover, WPT technology is
also considered to have broad application in industrial fields,
such as wireless sensors, automated guided vehicles, automated
underwater vehicles, unmanned aerial vehicles, high speed train,
and so forth [4], [5].
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Power can currently be transferred wirelessly in the far-field
or in the near-field. Far-field transfer systems rely on propagat-
ing electromagnetic waves and the transfer efficiency is very
low if point-to-point transfer is not adopted [6], [7]. Near-field
transfer systems operate at distances less than a wavelength of
the electromagnetics wave, and have been greatly developed
[8]–[18]. Magnetically coupled resonant near-field transfer that
consists of two resonant circuits of the same resonant frequency,
is very efficient only at a fixed distance, but the efficiency
and output power do not remain stable as resonant frequency
detunes [8]–[12]. Frequency tracking technology is often used
in WPT system to track the operating frequencies that make
the source voltage and source current in phase [13], [14] or the
source voltage and secondary-side current in phase [15], [16].
By applying frequency tracking technology, the output power or
voltage would be constant with variable distances or load, but the
transfer efficiency and output power are also unstable when the
resonant frequency of transmitter or receiver is detuned. Though
recent advances employing a nonlinear parity-time-symmetry
circuit can also offer stable efficiency and output power under the
variation of the transfer distance [17], [18], the transfer efficiency
and output power are also unstable when the resonant frequency
of transmitter or receiver varies. Unfortunately, the resonant
frequency of wireless power-transfer systems is easily shifted
in actual world [8], [19]–[22], for example, in common electro-
magnetic environment produced by metal objects. In [19], ferrite
is used to shield receiver coil to avoid external disturbance to the
receiver, but it increases the weight of the receiver and cannot
overcome the interference of nonresistive load to the resonant
frequency. By retuning the transmitter resonant frequency, two
resonators could resonate at same frequency, but requiring the
information of the receiver resonant frequency, which is hard
to obtain when the resonant frequency is disturbed [22]. Hence,
there is a real need and still a fundamental challenge to develop a
WPT system capable of maintaining a high efficiency and stable
output power when the resonant frequency is disturbed.

To solve this issue, this article proposes a fractional-order
WPT system that incorporates a fractional-order capacitor of
order bigger than one. Fractional-order capacitor is a kind of
capacitor modeled by fractional calculus. In contrast to an
integer-order capacitor that is described by first-order calculus,
the current–voltage relationship of the fractional-order capacitor
is defined as

i (t) = Cα
dα

dtα
v (t) (1)
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where dα/dtα is termed the fractional-order derivative operator,
Cα is the capacitance value, and α is its order [23], with α �
(0,2). In fact, (1) was initially used to accurately describe the
capacitor model, since there is no ideal integer-order capacitor
[24]. However, the orders of most capacitors are close to 1,
so their fractional-order characteristics are often neglected and
treated as 1. Nevertheless, some capacitors have been found to
have strong fractional-order properties, such as super-capacitor,
its order is much smaller than 1 [25]. Therefore, it is interesting
and necessary to study the characteristics of fractional-order ca-
pacitor with various orders. The impedance of a fractional-order
capacitor can be described as [23]

ZC =
1

ωαCα
cos (0.5πα)− j

1

ωαCα
sin (0.5πα) (2)

whereω is the operating angular frequency, so a fractional-order
capacitor contains the capacitor reactance as well as the resis-
tance, which is determined by α. However, the integer-order
capacitor, i.e., α = 1, only has a capacitor reactance. Moreover,
when the order is less than 1, the resistance of fractional-order
capacitor is positive, which would bring additional losses to the
circuit, and the smaller the order, the greater the loss. When the
order α is greater than 1, the resistance of a fractional-order
capacitor is negative, which indicates that this capacitor can
provide active power. Thus, the fractional-order capacitor with
order bigger than 1 is adopted in this article. In addition, the
phase angle of fractional-order capacitor is 0.5πα, which is
independent of ω and only depends on the order α. Hence,
a fractional-order capacitor has the characteristic of constant
phase angle.

The application of fractional-order capacitors is also an attrac-
tive topic. In recent years, the properties of applying a fractional-
order capacitor in dc–dc converters were discussed in [26] and
[27], their results show that the output voltage gain depends not
only on duty cycle but also on the order of the fractional-order
capacitor. The use of fractional-order capacitors in LC circuits
and impedance matching networks have also been extensively
studied in [28]–[31]. The resonant frequency of LC circuit
depends on the inductance, capacitance, and the fractional-order
α, so that the resonant frequency can be controlled easily by mul-
tiparameters [28]–[30]. As for impedance matching networks,
only a single fractional-order capacitor acts as a capacitance
and resistance to match any inductive impedance, so additional
resistance is not needed [31]. Therefore, the fractional-order ca-
pacitor has demonstrated more design flexibility and beneficial
properties than the integer-order capacitor. Inspired by above
works, this article uses a fractional-order capacitor to construct
a WPT system that can be insensitive to the resonant frequency.
Although the fractional-order capacitor is not yet a standard
market-oriented component, customized fractional-order capac-
itors have been fabricated in the laboratory [32]–[36], paving the
way for the design of fractional-order capacitors for use in WPT
systems.

This article is organized as follows. The operating principle
of the proposed fractional-order WPT system is described in
Section II. The comparison with other WPT systems is analyzed
in Section III. A prototype is built to prove the feasibility of the

Fig. 1. System structure of the proposed fractional-order WPT system based
on a fractional-order capacitor Cα.

proposed method and the experimental results on the charac-
teristic of the proposed system are discussed, in Section IV.
Section V concludes this article.

II. PRINCIPLES OF THE FRACTIONAL-ORDER WPT SYSTEM

A. System Structure

The proposed fractional-order WPT system is shown in Fig. 1.
Its transmitter contains a fractional-order capacitor Cα with
order bigger than 1. The fractional-order capacitor has a fixed
order α and its capacitance Cα can be changed. Since the
fractional-order capacitor has a negative resistance component,
power is fed into the transmitter via the fractional-order capacitor
before being transferred through coupling to the receiver. The
transmitter and receiver are coupled together by inductor LT

and LR with mutual inductance coefficient k. RLT and RLR

represent the internal resistance of the transmitter and receiver,
respectively.

From Fig. 1, the transmitter is a resonator, and its resonant
frequency ωT can be expressed as [23]

ωT =

[
sin (0.5πα)

LTCα

] 1
1+α

(3)

while the resonant frequency of the receiver is ωR = [1/
(LRCR)]

1/2.

B. Modeling Based on Coupled-Mode Theory

To study the performance of the fractional-order WPT system,
a coupled-mode theory model of the system is built in this
section. According to coupled-mode theory [37], the system
model can be described by

d

dt

[
aT

aR

]
=

[
jωT + gT −jκ

−jκ jωR − τR

] [
aT

aR

]
(4)

where aT and aR are defined as the modal amplitudes, so that
the energy stored in the transmitter and receiver are |aT |2 and
|aR| 2 respectively; gT is the overall gain rate of the transmitter
and τR is the overall loss rate of the receiver; κ is the coupling
rate between the transmitter, and receiver, which is defined as

κ =
k

2

√
ωTωR. (5)

From Fig. 1, the overall gain rate gT of the transmitter depends
on the fractional-order capacitor and internal resistance. The
gain rate gCα of the fractional-order capacitor can be derived as

gCα =
−cos (0.5πα)

2ωαLTCα
(6)
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and the intrinsic loss rate of transmitter is τLT = RLT /(2LT ),
so gT can be expressed as

gT = gCα − τLT =
−cos (0.5πα)

2ωαLTCα
− τLT . (7)

For the receiver, the intrinsic loss rate is τLR = RLR/(2LR)
and the load loss rate is τLoad = RLoad/(2LR), so the overall
loss rate of the receiver is τR = τLR + τLoad.

C. Analytical Solutions of Operating Frequency

The operating frequency ω of the proposed system can be
derived from the steady solutions of the dynamic model of (4). To
determine the eigenvalues of (4), we assumeA = (aT , aR)

T =
(AT e

−jωt, ARe
−jωt)T , and have jωA = HA, where the matrix

H is

H =

[
jωT + gT (α) −j0.5k

√
(ωTωR)

−j0.5k
√

(ωTωR) jωR − τR

]
(8)

According to the eigenvalue equation det(H − ωI) = 0,
and taking ω to be real, the nontrivial solutions of ω can be
determined by{

(ω − ωT ) (ω − ωR) + gT τR − k2

4 ωTωR = 0

(ω − ωT ) τR = (ω − ωR) gT .
(9)

Using (3), (6), and (7), the expression of gT can be rewritten
as

gT = −
(ωT

ω

)α+1ω

2
ctg (0.5πα)− τLT . (10)

By carrying out the first-order Taylor expansion for
(ωT /ω)

α+1, gT can be approximated as

gT ≈ −
[
1 + (α+ 1) (

ωT

ω
− 1)

] ω
2
ctg (0.5πα)− τLT . (11)

Substituting (11) into (9), we have

0 = ω3 +
[
X1 −

(
2 +

α

4
k2
)
ωR

]
ω2

+

[
τ2R +

(
1 +

α

4
k2
)
ω2
R −X2 − 2ωR

(
1− k2

8

)
X1

]
ω

+

[
τ2R +

(
1− k2

4
− k2

4

2τR
ωR

tg (0.5πα)

)
ω2
R −X2

]
X1

(12)

where ⎧⎨
⎩

X1 = 2τLT tg (0.5πα)

X2 = −k2

2
τRωRtg (0.5πα) .

(13)

In a general WPT system, the mutual inductance coefficient
satisfies k2<<1, and the qualify factor (QR = ωR/2τR) of the
receiver satisfies 1/QR << 1. Meanwhile, the fractional order
α is large enough to make sure that k2tg(0.5πα)/4QR << 1.
Therefore, (12) can then be approximated as

0 ≈ ω3 + [X1 − 2ωR]ω
2

+
[
τ2R + ω2

R −X2 − 2ωRX1

]
ω

+
[
τ2R + ω2

R −X2

]
X1. (14)

Fig. 2. Curves of (a) system frequency solutions, (b) transfer efficiency and
(c) output power as a function of mutual inductance coefficient k.

Factorization of the above equation gives

0 = [ω +X1]
[
ω2 − 2ωRω + τ2R + ω2

R −X2

]
. (15)

Thus, three real roots of ω can be found as follows:

ω1,2 = ωR ±
√

−1

2
k2ωRτRtg (0.5πα)− τ2R (16)

ω3 = −2τLT tg (0.5πα) . (17)

From (16) and (17), it can be observed that the solutions of
ω are separated into two regions by a critical mutual inductance
coefficient kC , as shown in Fig. 2(a). In the strong coupling
region (k ≥ kC), ω has three analytical solutions, ω1, ω2, and
ω3, but in the weak coupling region (k < kC), only one solution,
ω3, exists. According to (16), kC can be derived as

kC =

√
−2τR

ωR
ctg (0.5πα). (18)

Based on the equation HA = jωA, the energy mode ratio can
be obtained as

|aR|2
|aT |2

=
gT
τR

=
ω − ωT

ω − ωR
. (19)
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From (9), the resonant frequency ωT can also be expressed as

ωT =
ω
[
(ω − ωR)

2 + τ2R

]
[
(ω − ωR)

2 + τ2R

]
+ 0.25k2ωR (ω − ωR)

. (20)

The general expression of transfer efficiency η and output
power Po based on coupled-mode theory can be written as

η =
2τLoad

2τR + 2τLT

(
|aT |2/|aR|2

) . (21)

PO = 2τLoad|aR|2. (22)

Therefore, using (16)–(22), the transfer efficiency η and out-
put power Po corresponding to the three frequency solutions(ω1,
ω2, andω3) can be solved numerically, as shown in Fig. 2(b) and
(c). As can be seen from Fig. 2, the transfer efficiency η is very
close to one and output power Po is almost constant when the
frequency solutions are ω1 or ω2 in the strong coupling region,
but η and Po are close to zero when frequency solutions is ω3.
Thus, ω1 or ω2 is selected as the operating frequency of the
fractional-order WPT system.

D. Analytical Solutions of Efficiency and Output Power

According to the operating frequency obtained in the previous
section, the transfer efficiency and output power of the proposed
system are derived in this section.

By substituting into frequency solution ω1,2, (20) can be
simplified as

ωT =
−2τRω

−2τR + (ω − ωR) ctg (0.5πα)
. (23)

Then, substituting (10) and (23) into (19), the energy mode
ratio can be furthered derived as

|aR|2
|aT |2

= −
(
1 + αX3

1−X3

)
ω

2τR
ctg (0.5παT )− τLT

τR
(24)

where X3 = (ω − ωR)/2τRtg(0.5πα). From (16), X3≈ 0 when
k2<<1, so (24) can be reduced to

|aR|2
|aT |2

= − ω

2τR
ctg (0.5πα)− τLT

τR
. (25)

By substituting (25) into (21), the transfer efficiency of the
proposed system can be obtained as follows.

η =
τLoad
τR

[
1 +

1

QLT ctg (0.5πα) + 1/τR − 1

]
(26)

where QLT = ω/2τLT is the quality factor of the transmitter
coil. τR is much larger than one, and QLT is sufficiently large
to make −QLT ctg(0.5πα) much larger than one, thus (26) can
be further reduced to

η ≈ τLoad
τR

[
1 +

1

QLT ctg (0.5πα)

]
. (27)

For the output power Po, by substituting (25) into (22), Po

can be derived as

PO = −ω
τLoad
τR

[
ctg (0.5πα) +

1

QLT

]
|aT |2 (28)

and

|aT |2 =
ωα−1Cα

sin (0.5πα)
V 2
Cα sin2 (0.5πα)

=
1

ω
Sα sin (0.5πα) (29)

where VCα and Sα = ωαCαV
2
Cα are the voltage and apparent

power of the fractional-order capacitor, respectively. Using (28)
and (29), Po can be expressed as

PO = −τLoad
τR

[
1 +

1

QLT ctg (0.5πα)

]
Sα cos (0.5πα) .

(30)
As can be seen from (27) and (30), the transfer efficiency η

and output powerPo are determined only by the orderα, the load
loss rate τLoad, the receiver loss rate τR and the quality factor
QLT . Hence, the fractional-order WPT system can be inherently
insensitive to the resonant frequency.

III. COMPARISON WITH OTHER WPT SYSTEMS

In this section, the sensitivity of the proposed fractional-order
system to resonant frequency is compared with that of magnet-
ically coupled resonant-based wireless power transfer system
(MCR-WPT) and parity-time-symmetry circuit-based wireless
power transfer (PT-WPT) system. In the analysis below, without
loss of generality, assume that only the resonant frequency ωR

of the receiver is disturbed.
Since the order of the fractional-order capacitor is bigger than

one, the inverter in transmitter is simultaneously controlled as a
negative resistance to provide an ac source, so all switch losses
of the inverter are considered as the loss of ac source. In a
MCR-WPT system, its loss of ac source is also the switch losses
of inverter. In a PT-WPT system, the negative resistance also
provides an ac source. Therefore, to ensure the consistency and
fairness, the loss of ac source in above three systems are all not
considered in the following comparison of transfer efficiency.

For MCR-WPT system, two-coil resonant system is often
used [9]–[12], as shown in Fig. 3(a).The input source is generally
a high-frequency ac power supply. The transfer efficiency ηMCR

and output power PMCR is described as follows:

ηMCR =
τLoadκ

2

τLT

[
(τLR+τLoad)

2+(ω−ωR)
2
]
+(τLR+τLoad)κ2

(31)

PMCR = 2τLoad|aR|2

= 2τLoad
κ2F 2

[κ2+τLT (τLR+τLoad)]
2+[τLT (ω−ωR)]

2

(32)
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Fig. 3. Comparison with (a) MCR-WPT system and (b) PT-WPT system of
(c) transfer efficiency, and (d) normalized output power.

where F and ω are the amplitude and frequency of the input
source, respectively. The normalized output power of the reso-
nant system is PMCR/PMAX1, where PMAX1 is the maximum
output power of PMCR during ωR changes. From (31) and (32),
ηMCR and PMCR are unstable when ωR varies.

For PT-WPT system [17], a nonlinear negative resistance is
used as shown in Fig. 3(b). The transfer efficiency ηPT and
output power PMCR can be described as follows:

ηPT =
2τLoad

2τR + 2τLT

(
ω−ωR

ω−ωT

) (33)

PPT = 2τLoad|aR|2

= 2τLoad
ω − ωT

ω − ωR
CTV

2
IN (34)

where CT is the capacitor of the transmitter and VIN is the
voltage of the negative resistor. The corresponding normalized
output power is PPT /PMAX2, where PMAX2 is the maximum
output power of PPT during ωR changes. From (33) and (34),
the energies of transmitter and receiver are unbalanced whenωR

varies, which result in the unstable transfer efficiency and output
power.

Fig. 3(c) and (d) shows the transfer efficiency η and nor-
malized output power under detuning of the receiver resonant
frequency in the strong coupling regime with k = 0.031. ΔωR

and ωR0 are the resonant-frequency detuning and the rated

TABLE I
RESULTS OF COMPARISON OF THE PROPOSED FRACTIONAL-ORDER WPT

SYSTEM WITH OTHER WPT SYSTEMS

resonant frequency of the receiver, respectively. The resonant
frequency ωT of the transmitter is set to ωR0 in MCR-WPT
system and PT-WPT system; and the other parameters are the
same with the proposed fractional-order system. As can be seen
from Fig. 3(c) and (d), MCR-WPT system and PT-WPT system
are sensitive to the resonant frequency, but the proposed system
is not. To demonstrate the comparison results more clearly, the
transfer efficiency and normalized output power of the three
WPT systems are also shown in Table I. When the receiver
resonant frequency is detuned by ±5%, the MCR-WPT system
and PT-WPT system have an around 30% drop in transfer
efficiency and have a largely unstable output power, but the
transfer efficiency and output power of the proposed system
only change within 1%.

The MCR-WPT system can also have variable frequency
control to make ω = ωR for various ωR, so that the efficiency
also will not vary with respect to detuning, but the premise is
that the resonant frequencyωR of the receiver could be acquired.
However, when the receiver is disturbed, it is difficult to accu-
rately obtain the value of ωR. For the proposed fractional-order
WPT system, the transfer efficiency is dependent of the order
α, but independent of the resonant frequency ωR, so we only
need to use a fractional-order capacitor with a fixed order in the
transmitter, without acquiring the value of ωR.

IV. EXPERIMENTAL VERIFICATION

To practically evaluate the performance of the proposed sys-
tem, a fractional-order capacitor is constructed and used to build
the fractional-order WPT prototype system.

A. Implementation of the Fractional-Order Capacitor

To realize the fractional-order WPT system in practice, the
fractional-order capacitor should have distinct characteristics.
First, its order α should be a constant and larger than one,
but should enable the capacitance to vary within the specified
operating frequency band. Second, the capacitor must have a
constant apparent power Sα.
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Fig. 4. Circuit diagram of the fractional-order capacitor based on a power
electronic converter.

Fig. 5. Control block diagram used to fabricate the fractional-order capacitor.
(a) Phase-locked-loop control block diagram. (b) Apparent power control block
diagram. (c) The implementation block diagram of the controller and current
sampler.

A power electronic converter is used to fabricate the
fractional-order capacitor, as shown in Fig. 4. The circuit con-
sists of a half-bridge converter and a capacitor C0, and rC0 is the
internal resistance of C0, S1 and S2 are a pair of power switches
that turn ON and OFF complementarily, VGS1 and VGS2 are the
drive signal of switch S1 and S2, respectively.

A fixed value of order α can be obtained by controlling
the phase difference of the input voltage VCα and current ICα

constant. A phase-lock loop can be applied to control the phase
difference by adjusting the operating frequency ω of resonator
[38]. The phase-lock control strategy used in this article is de-
tailed in Fig. 5(a). PI refers to a proportional-integral controller

and s is Laplacian Operator. The operation frequency ω is the
switching frequency of S1 and S2. From (2), the relationship
between the order α and the phase difference of input voltage
and current can be expressed as

α =
ϕV − ϕI

0.5π
(35)

where ϕV and ϕI are the phases of the input voltage VCα and
current ICα, respectively. Thus, when αRef is the order that the
proposed WPT system needs, the required input current phase
is ϕIRef = ϕV − 0.5παRef . The phase ϕI is employed as the
feedback of the phase-lock loop and compared withϕIRef . Then,
the phase errors are sent to a PI controller, the output of which
is the value of the required operating frequency ω.

From Fig. 4, ignoring the internal resistance rC0, the voltage
phasor of the fractional-order capacitor can be derived as

VCα = VF +

√
2ICα

ωC0
Y1 + j

√
2ICα

ωC0
Y2 (36)

whereY1 = sin(ϕI − ϕF ) andY2 = cos(ϕI − ϕF ); ICα is root
mean square value of the input current, ϕF and VF are the phase
and amplitude of the output fundamental voltage of the half-
bridge circuit. VF = (2Vdc/π)sin(Dπ), D is the duty of S1, and
ϕF is equal to the phase ϕD of duty D. Thus, the phase ϕV of
the input voltage, namely, the phase calculator in Fig. 5(a) can
be obtained by

ϕV = arctg

( √
2ICα cos (ϕI − ϕF )

ωC0VF +
√
2ICα sin (ϕI − ϕF )

)
. (37)

The apparent power Sα of the fractional-order capacitor can
be controlled by adjusting the duty of switch S1. The control
block diagram of Sα is illustrated in Fig. 5(b). The output of the
control block is the duty D. From (36), the voltage calculator is

VCα =

1√
2

√√√√
[
2Vdc

π
sin (Dπ) +

√
2ICα

ωC0
Y1

]2
+

(√
2ICα

ωC0
Y2

)2

.

(38)

The voltage Vdc can be expressed as

Vdc =
VFπ

2sin (Dπ)
. (39)

From Fig. 4, the required output fundamental voltage VF can
be deduced as

VF =
√

2ωαCαSα√[
1

ωαCα
cos(0.5πα)

]2
+

[
1

ωαCα
sin(0.5πα)− 1

ωC0

]2

(40)

From (3) and (23), the steady solutions of the capacitance Cα

are derived as

Cα =
sin (0.5πα)

LT

[ −2τRω

−2τR + (ω − ωR) ctg (0.5πα)

]−1−α

.

(41)
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Fig. 6. Full-circuit diagram of the proposed fractional-order WPT system.

Therefore, according to (16) and (39)–(41), the required min-
imum voltage Vdc can be obtained.

The realization of the controller and current sampler in Fig. 4
is based on the block diagram of Fig. 5(c). The current of
fractional-order capacitor is converted into voltage signal by
a current transformer (CT) CU8965, and then the voltage signal
is sampled by a differential amplifier circuit consisting of a
high speed operational amplifier OPA2690. The output signal of
the differential amplifier circuit passes through a zero-crossing
comparator that comprises a high speed comparator TL3016
and an rms calculator AD637, respectively, so a floating-point
digital-signal processor TMS320F28377D can sample the rms
value and the phase of the capacitor current. The processor
processes the sampled signal according to the order control and
the apparent power control algorithm, and outputs a pulsewidth
modulation wave which is fed into a drive circuit to generator the
driving signal VGS1 of switch S1 and the driving signal VGS2 of
switch S2. The drive circuit is consist of a dead time generation
circuit [18] and two isolated gate drivers (Si8271). The switch S1
and S2 are enhancement mode GaN-on silicon power transistors
GS66508B.

B. Experimental Results

The full-circuit diagram of the proposed fractional-order WPT
system is shown in Fig. 6. The transmitter and receiver coils
are wound on two cylindrical acrylic boards and hung on two
movable triangular wooden frames as shown in Fig. 7. The two
coils are both twined by ten turns of hollow copper wire with an
outer diameter of 8 mm and an inner diameter of 6.8 mm, and
the diameter of each coil is 60 cm. When the distance between
the transmitter and receiver changes the variation of the mutual
inductance coefficient is shown in the Fig. 8. All main parameters
of the system are given in Table II. From (18) and (27), the
higher the order, the higher the efficiency and the smaller the
strong coupling region, so the trade-off between efficiency and
transfer distance should be considered when choosing the order
α. The critical mutual inductance coefficients, the corresponding
critical distances and transfer efficiencies of the proposed system
for various orders are given in Table III. To maintain more than
90% transfer efficiency within 58 cm, the order α is set to 1.02
in the prototype. As for the selection of Sα, it depends on the
required output power Po according to (30).

The measurement approaches of the transfer efficiency and
output power of the system are given as follows. First, to

Fig. 7. Photo of the experimental power-transfer prototype system.

Fig. 8. Measured mutual inductance coefficient k as a function of the distance
between the two coaxially aligned coils.

acquire the values of RLT and RLR, an impedance analyzer
(Wayne Kerr 6500B) is used to measure the internal resistance
of the capacitor, and an reflection measurement method [39]
is adopted to measure the quality factor of the transmitter coil
and receiver coil to obtain the internal resistance of the coils.
Second, the value of the load resistance RLoad is also measured
by the impedance analyzer. Finally, a current probe (Cybertek
CP0030H) and an oscilloscope (Tektronix DPO 4043B) are
used to measure the transmitter current ICα and receiver current
IR. Then, the output power can be obtained using the relation
PO = I2RRLoad, and the transfer efficiency can be obtained
using η = I2RRLoad/[I

2
R(RLoad + RLR) + I2CαRLT ].

When the resonant frequency ωR of the receiver is equal to
the rated resonant frequency ωR0, the transfer efficiency η and
output power Po are measured and the experimental curves are
shown in Fig. 9(a), (b). As can be seen from Fig. 9(a), (b), transfer
efficiency η, and Po remain constant within a range of 58 cm.
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TABLE II
PARAMETERS FOR THE PROTOTYPE CIRCUIT

TABLE III
CRITICAL MUTUAL INDUCTANCE COEFFICIENTS AND TRANSFER

EFFICIENCIES WITH VARIOUS ORDERS

When the receiver capacitance CR is changed to simulate the
disturbance of ωR, the transfer efficiency, and output power are
also stable, as shown in Fig. 10(a) and (b). The experimental
waveforms of voltage VCα and current ICα are shown in Fig. 11.
As shown in Fig. 11, the current ICα has a leading time of 520 ns
from the voltage VCα, and the operating frequency is 491.6 kHz,
so the phase of current lead voltage can be obtained as 92.02°.
Thus, the actual order of the fractional-order capacitor is α =
92.02°/90 = 1.0225. The actual order α has a little deviation
from the reference αRef = 1.02. The main reason is that the
phase-lock control strategy is based on that the voltage VCα and
current ICα are sinusoidal waves, but the practical voltage and
current are not ideal sinusoidal waves. Nevertheless, the relative
error of the order is only 0.245%.

Fig. 12 shows the experimental waveforms of transmitter
current ICα and receiver current IR under different detuning
of the receiver resonant frequency. From Fig. 12, current ICα

and IR remain unchanged even when the receiver resonant
frequency is detuned. These experimental results are consistent
with those obtained from coupled-mode theory calculations,
and demonstrate successful WPT in which the transfer effi-
ciency and output power are insensitive to the resonant fre-
quency ωR of the receiver. Although the allowable frequency
detuning ΔωR/ωR0 is 5% in the experiment, this range can
be expanded by fabricating a wider bandwidth fractional-order
capacitor. Otherwise, the transfer efficiency and output power
are insensitive to the resonant frequency only in the strong

Fig. 9. Experimental results showing the (a) efficiency and (b) output power
PO as a function of distance between transmitter and receiver without receiver
resonant frequency detuning.

Fig. 10. Experimental results showing the (a) efficiency and (b) output power
as a function of receiver resonant frequency detuning.

coupling region that is k ≤ kC . In fact, most of WPT systems
work in the strong coupling region due to low efficiency in the
weak coupling region, even if the resonant frequency is not
detuned.
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Fig. 11. Experimental waveforms of input voltage and current of fractional-
order capacitor.

Fig. 12. Experimental transmitter and receiver current waveforms at 50 cm
between the two coils. (a). With –5% detuning. (b). Without detuning (c). With
5% detuning.

V. CONCLUSION

This article proposed a fractional-order wireless power-
transfer system that employs a fractional-order capacitor with
the order larger than one. By using coupled-mode theory, the
analytic solutions of operating frequency, transfer efficiency and
output power of the proposed system are derived. Theoretical

results show that the system can be insensitive to changes in the
receiver’s resonant frequency and distance from the transmitter
in the strong coupling region. Moreover, this insensitivity de-
pends only on the fractional-order capacitor in the transmitter
without adjusting any parameters of the receiver. The experi-
mental results confirm the theoretical analysis. Therefore, the
proposed system can allow WPT to be used in any situations
where the resonant frequency is easily detuned. In addition,
this article may open up a new way for theoretical research
and engineering applications of fractional-order energy storage
components and systems.
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