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Abstract—Wireless power transfer (WPT) is the preferred
charging method for electric vehicles (EVs) powered by battery
and supercapacitor. In this paper, a novel WPT system with con-
stant current charging capability for sightseeing car with superca-
pacitor storage is designed. First, an optimized magnetic coupler
using ferrite cores and magnetic shielding structure is proposed to
ensure stable power transfer and high efficiency. Compared with
the traditional planar shape ferrite core coupler, the proposed mag-
netic coupler requires lesser ferrite material without degrading the
performance of the WPT system. Second, the model of superca-
pacitor is applied to the WPT system and the relationship between
equivalent load resistances of supercapacitor and charging time
is analyzed in detail. Then, a Buck converter with proportional
integral (PI) controller is implemented on the secondary side to
maintain constant charging current for the variable load. Finally,
the proposed design is verified by experiments. Constant charging
current of 31.5 A across transfer distance of 15 cm is achieved.
The peak transfer power and system efficiency are 2.86 kW and
88.05%, respectively.

Index Terms—Charging current regulation, magnetic coupler,
supercapacitor (SC), variable load, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer systems are gaining consider-
able attention for pure and plug-in hybrid electric vehi-

cles (EVs) [1]–[5]. They have demonstrated many advantages
including the conveniences of being cordless making it unneces-
sary to plug and unplug the bored wire, insusceptible to weather
influence since the primary side is embedded underground for
EVs charging applications, and so on. Despite those advantages,
there are still some key issues to be addressed in the practical de-
sign of the WPT system. For example, EVs are always powered
by battery, supercapacitor, or those two combined. The equiv-
alent resistance of those power suppliers’ changes dynamically
during the charging process, and then the charging current and
system efficiency will be affected inevitably [6], [7]. Therefore,
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it is essential to pay attention to the WPT system with a vari-
able load. The constant charging current is always essential to
shorten the charging time, especially when the fast charge for
EVs is required. Compared with battery, supercapacitor, which
is characterized by high power density, short charging time, and
long life duration, is chosen as the power supply for the fast
wireless charging EVs and used to research the WPT system
with variable load in this paper.

In terms of the WPT system for supercapacitor charge, a
number of publications mainly focus on the analysis of power
control, charging circuit design, and so on [8]–[12]. In [8] and
[9], dc–dc converters are proposed to control the power flow and
the control schemes are also analyzed. In [10] and [11], the WPT
systems for supercapacitor powered implantable devices are
proposed, and circuits are designed and experimented to meet
the size requirements. However, all these publications did not
provide an overall system design process and analyze the model
of supercapacitor that can be applied to the WPT system, espe-
cially for high transferred power condition. In [13]–[16], several
different types of supercapacitor models are analyzed and the
classical circuit model is proposed. It shows that the equivalent
resistance of supercapacitor changes dynamically with charging
time [6], [16]. However, the equations between equivalent resis-
tance and charging time are not deduced in-depth. Based on the
analysis of supercapacitor model in the WPT system, the main
motivation of this paper is to fulfill the whole system modeling,
overall design and constant charging current control.

In general, with the consideration of different load and tire
pressure conditions, the normal distance between the EVs’
chassis and ground is always in the range of 15–25 cm. The
magnetic coupler’s coupling coefficient is relatively low, for
the reason that leakage magnetic flux is high through the long
transfer distance between the primary and secondary sides [1],
[4]. Hence, the magnetic coupler should be properly designed to
ensure stable power transfer and high efficiency, especially for
the WPT system with a variable load. The commonly used struc-
tures of magnetic coupler in stationary EVs wireless charging
are circular and rectangular type, because they have simple and
compact structures as well as low electromagnetic field (EMF)
for pedestrians [17]–[20]. In [17], it is proved that the larger the
area of magnetic coupler is, the larger the mutual inductance
is. Meanwhile, assume the rectangle’s length and width are the
same as the diameter of circle, then the area of rectangle is larger
than circle by the ratio of 1.27. It means that the rectangular
type magnetic has a larger mutual inductance than circular type.
In [18], the magnetic coupler of circular type is optimized from
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coil width, ferrite cores, and so on. With the designed 700-mm
diameter coupler, the 2-kW power has been transferred under a
200-mm air gap. In [19], the bipolar single-sided flux magnetic
coupler of rectangular type (DD pad) with a size of 800 mm∗

540 mm achieves 2-kW power transfer and provides a charge
zone much larger than the circular pad. In practical applications,
for the above two type magnetic couplers, they will face two
problems: the magnetic coupler is too large to install on the
EVs’ chassis and the magnetic field may not meet the safety
requirements by the International Commission on Non-ionizing
Radiation Protection (ICNIRP) guidelines [21]. In this paper,
in order to avoid the above problems, a much smaller magnetic
coupler with the size of 400 mm ∗ 400 mm and optimized
ferrite cores and magnetic shielding structure is well designed.

Once the structure of magnetic coupler is determined, the
magnetic materials such as ferrite cores could be used to en-
hance coupling coefficient and magnetic shielding. In [21] and
[22], MnZn material ferrite cores are selected as core material
for using in the WPT system, because they exhibit high mag-
netic flux saturation and low loss when operates below 100 kHz.
However, due to the limited magnetic shielding capability of
ferrite cores, the Aluminum (Al) sheet is proposed to further
suppress the magnetic field, and then the eddy current loss in
the EVs’ chassis is further reduced [23], [24]. Beyond the op-
timized magnetic coupler, control schemes are also essential to
realize the constant current charging for supercapacitor. There
are mainly three types of closed-loop control schemes, which
can be classified as frequency tracking, impedance matching,
and dc–dc conversion [6].

1) The constant charging current against load variations can
be achieved by tracking the spilt frequencies in the “over
coupled” region if the coupled resonances are lossless
[25], [26].

2) In [27] and [28], the dynamic impedance matching circuits
controlled by switches are proposed. Those methods allow
the system to operate at a fixed frequency and regulate the
charging current or voltage.

3) The usage of dc–dc converter on the primary or secondary
side is also an effective way to adjust the charging current
or voltage [29], [30].

Among those control schemes, frequency tracking may result
in power transfer capability decreases if the frequency shifts
too large from the optimal point, and then cause the system
instability due to the occurrence of bifurcation with variable
load. The dynamic impedance matching scheme is always used
under high frequency and low power condition. Meanwhile,
this scheme needs an array of capacitors, which may add addi-
tional weight, size, and control complexity of the system. The
dc–dc conversion can minimize the effect of variable load on
the system through impedance adjustment, which means the
WPT system can work at fixed frequency mode and alleviate
the need of a tunable impedance matching network. In addi-
tion, the closed-loop control schemes can also be classified as
primary side control [1], secondary side control [31], and dual
side control [32]. Compared with the primary and dual side
control, secondary side control avoids the power flow commu-
nication between the primary and secondary sides, and then the
control speed and stability of transferred power are ensured.

Hence, Buck converter with secondary side control is designed
to achieve the goal of charging current regulation in this paper.

Based on the given analysis, a novel design of magnetic cou-
pler based on patent [33] and control scheme of constant current
charging regulation for WPT system with variable load are dis-
cussed. The goals of lower weight, cost, EMF, and smaller size
for the proposed magnetic coupler are achieved. In addition,
the variable load characteristic of supercapacitor is analyzed by
circuit modeling, and Buck converter with closed-loop control
scheme is implemented to regulate the charging current under
the variable load condition. The rest sections of this paper are
organized as follows: Section II analyzes the system structure
and circuit model. Section III optimizes the ferrite cores and
magnetic shielding structure of the proposed magnetic coupler.
Section IV analyzes the model of supercapacitor and control
scheme of Buck converter. Section V validates the designed
WPT system with experiments. Finally, the conclusion is shown
in Section VI.

II. SYSTEM STRUCTURE AND THEORETICAL ANALYSIS

A. System Structure

In most applications, the WPT system is fed by an ac voltage
source, and then provides dc voltage to the load. It is mainly
composed of two electrically isolated parts named as primary
side and secondary side, as shown in Fig. 1. For the dc–ac stage
on the primary side, there are mainly two types of H-bridge
inverter, the voltage source inverter (VSI) and current source
inverter (CSI) [34]. The advantages of CSI topology are inher-
ent short-circuit protection, long lifetime of the inductor, and
reduced current stress; however, the inductor is always costly
and high voltage stress occurs on the switches. Compared with
CSI topology, the VSI topology, which is much more common
in power electronics inverters presently, do not require bulky
inductor and only use electrolytic capacitors to provide constant
voltage [35], [36]. When combining with resonance or compen-
sation topologies in the WPT system, the advantages of VSI
topology are even more prominent.

As mentioned in [37], among the four basic compensation
topologies, only the reactance of series–series (SS) topology
looking from the primary side is independent of either the cou-
pling coefficient or load at secondary side resonant frequency.
Furthermore, the power reflection from secondary side to pri-
mary side is eliminated at this frequency. In [32] and [38], the SS
topology is proposed for the WPT system with wide load range,
and has the current source behavior on the secondary side when
the primary side operates as a voltage source inverter, which
makes it a good candidate for battery and supercapacitor charge.

And then the SS topology combined with VSI topology is
selected for this system. In addition, the system operating fre-
quency is chosen as 85.5 kHz, which is aimed to satisfy the
standard J2954 (nominal frequency range is 81.38–90.00 kHz
for light-duty passenger electric vehicle) drafted by the Society
of Automotive Engineers task force [39].

On the primary side, the rectifier stage converts the single
phase 50-Hz ac voltage to dc voltage, then the VSI topology H-
bridge inverter outputs high frequency ac current to the primary
side coil, and then establishes the high frequency magnetic field.
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Fig. 1. WPT system structure diagram and circuit model. (a) Whole system structure and (b) equivalent circuit model.

The high frequency voltage is transferred to the secondary side
coil through magnetic coupling, and then the secondary side
rectifier stage converts the ac voltage to dc voltage. Finally, the
secondary side Buck converter regulates this dc voltage to charge
supercapacitor with constant current. The controller on the pri-
mary side is mainly used to monitor system working state via
wireless communications between the primary and secondary
sides, such as the signal of car detecting or positioning, start
or stop charging, over current protection and so on. Optionally,
the position detection devices could be installed to guide the
drivers to achieve an accurate parking position [40], [41], and
the method for car positioning and detecting in this system is
described in Section V-A.

B. Circuit Modeling

As shown in Fig. 1(a), Q1−Q4 are four power metallic
oxide semiconductor field effect transistors (MOSFETs) that
constitute the H-bridge inverter on primary side. Li, Ri, Ci ,
and Ii(i = 1, 2) are the coils self-inductance, resistance, corre-
sponding resonant capacitors and resonant current of primary or
secondary side. M is the mutual inductance between two coils.
D1−D4 are the secondary side rectifier diodes. SB ,DB , LB ,
and CB constitute the Buck converter. Rs , C, and Rcp model
the equivalent circuit of the supercapacitor. Us and Ubus are the
equivalent output ac voltage and input dc voltage of H-bridge
inverter. Re , Rin , and Iin are the equivalent resistance, output re-
sistance, and output current of the secondary side rectifier. RcL
is the equivalent load resistance of the supercapacitor, which
will be analyzed in Section IV.

In general, the resonant currents are almost sine waves be-
cause of high quality factors of the resonant tanks in WPT

system. Fundamental harmonic analysis based on the circuit
model has sufficient accuracy for the steady-state analysis of
WPT system [6]. As shown in Fig. 1(b)-(ii), in terms of se-
ries resonant secondary side with a capacitive output filter, the
rectifier is driven with a current source and a square wave of
voltage appears at the input of the rectifier [42], [43]. Then, the
equations of Re and Iin of the secondary side rectifier are given
by

Re =
8
π2 Rin (1)

Iin =
2
√

2
π

I2 . (2)

According to Kirchhoff’s voltage law (KVL), the WPT sys-
tem can be described by the following equations:

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

(

R1 + jωL1 +
1

jωC1

)

·
•
I1 +jωM ·

•
I2 =

•
Us

jωM ·
•
I1 +

(

R2 + Re + jωL2 +
1

jωC2

)

·
•
I2 = 0

(3)

where
•

Us,
•
I1 , and

•
I2 are the phasors of fundamental harmonics

of the equivalent output ac voltage, primary side resonant cur-
rent, and secondary side resonant current; Us, I1 , and I2 are the
corresponding root-mean-square (RMS) values, respectively; ω
stands for the angular operating frequency and j is the imaginary
unit. Through the Fourier decomposition of the square wave that
generated by the H-bridge inverter, Us is expressed as

Us =
∥
∥
∥
∥

•
Us

∥
∥
∥
∥ =

2
√

2
π

Ubus . (4)
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Then, resonant currents
•
I1 and

•
I2 are deduced by the follow-

ing equations:
⎧
⎨

⎩

•
I1 = Z2 Z4

Z1 Z2 −Z3

•
Us

•
I2 = j Z3

Z1 Z2 −Z3

•
Us

(5)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Z1 = jωC1R1 + (1 − ωL1C1)
Z2 = jωC2(R2 + Re) + (1 − ωL2C2)

Z3 = ω2C1C2(ωM)2

Z4 = jωC1

. (6)

If the WPT system’s angular operating frequency equals or
approximately equals to the resonant frequency of secondary
and primary side, we have

ω =
√

1
C2L2

≈
√

1
C1L1

. (7)

The terms ω2C2L2 and ω2C1L1 will be equal or very close
to one, and then (5) is further simplified as

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

•
I1 =

R2 + Re

R1(R2 + Re) + (ωM)2

•
Us

•
I2 =

1
j

ωM

R1(R2 + Re) + (ωM)2

•
Us

. (8)

Therefore, the RMS values of resonant current I1 and I2 are
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

I1 =
R2 + Re

R1(R2 + Re) + (ωM)2
2
√

2
π

Ubus

I2 =
ωM

R1(R2 + Re) + (ωM)2
2
√

2
π

Ubus

. (9)

Further, combined with (2) and (9), the input current of the
Buck converter Iin , which is also the output current of the sec-
ondary side rectifier, is determined as follows:

Iin =
ωM

R1(R2 + Re) + (ωM)2
8
π2 Ubus . (10)

The expression of the system output power can be obtained
by

Pco = I2
2 Re =

(ωM)2Re
[
R1(R2 + Re) + (ωM)2

]2
8
π2 U 2

bus . (11)

Here, Re depends on Rin as shown in (1). In the following
Section II-C, it shows that Rin depends on equivalent load re-
sistance RcL and Buck converter’s duty cycle D, which means
Re is a function of RcL and D.

The system efficiency, taking the primary and secondary side
coils’ losses into consideration, is

η =
Pco

Pin
=

I2
2 Re

I2
1 R1 + I2

2 R2 + I2
2 Re

=
(ωM)2 · Re

(R2 + Re)
[
R1(R2 + Re) + (ωM)2

] . (12)

Fig. 2. System efficiency versus the equivalent resistance of the secondary
side rectifier.

The system efficiency is defined as the ratio of system output
power Pco to input power Pin , and the changes of Re and M will
influence the system efficiency. When the efficiencies of the H-
bridge inverter, magnetic coupler, secondary side rectifier, and
Buck converter are considered, actual system efficiency ηloss
could be calculated by multiplying their own efficiency ratios to
(12), respectively.

Through the derivation of η,Remax that ensures the maximum
system efficiency is expressed as

Re max =
√

R2

R1

[
R1R2 + (ωM)2

]
. (13)

According to (12) and (13), it is obvious that the system
efficiency increases with the equivalent resistance firstly, and
then decreases, as shown in Fig. 2. In addition, Remax mainly
depends on the mutual inductance, which is a constant value
once the magnetic coupler and transfer distance are determined.

C. DC–DC Converter Modeling

Generally, in order to track the maximum system efficiency
point, dc–dc converters on the secondary side are used, espe-
cially for the WPT system with variable and wide load range
[6], [44]. In addition, dc–dc converters can be also applied to
adjust the charging current or voltage, as mentioned in Section I.
In [45], it is shown that with the closed-loop control of the duty
cycle, the input resistance of dc–dc converter can be adjusted
accordingly, and then the constant charging current is achieved.
The characteristics of four common dc–dc converters in terms
of their input resistance adjustment capability are summarized
in Table I, where D,Uin , and Uout are the duty cycle, input and
output voltages, respectively.

As shown in Table I, the Cuk converter has the opposite
polarity between its input and output. The Buck–Boost converter
may add additional power losses to the WPT system, especially
under several kilowatt levels or higher power transfer condition.
The Boost converter can only adjust the input resistance with
a limited range of 0−RL . On this basis, the Buck converter
is proposed in this system. Through the adjustment of Buck
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TABLE I
COMPARISON OF BASIC DC–DC CONVERTERS

Topology Output voltage Uo u t Input resistance R in Input resistance range

Buck DU in RL /D 2 RL to + ∞

Boost
U in

(1 − D )
(1 − D )2 RL 0 to RL

Buck–Boost
DU in

(1 − D )
(1 − D )2 RL

D 2 0 to + ∞

Cuk
−DU in

(1 − D )
(1 − D )2 RL

D 2 0 to + ∞

converter’s duty cycle with closed-loop control scheme, its input
resistance can be adjusted dynamically, so as to regulate the
charging current [9].

As shown in Fig. 1(b)-(iii), suppose that the power losses
in the Buck converter are small and can be ignored for the
convenience of analysis [6], [7], the relationships between the
input and output voltages are

U 2
in

Rin
=

U 2
co

RcL
(14)

Uin =
1
D

Uco (15)

where Uin and Uco are the input and output voltages, respec-
tively; Rin and D are the input resistance and duty cycle of the
Buck converter, respectively; RcL is a time related value, which
will be analyzed in Section IV-A. By using (14) and (15), the
following equations are obtained:

Rin =
1

D2 RcL (16)

Ico =
1
D

Iin . (17)

Then, combined with (1), (10), (16), and (17), the charging
current and system efficiency are expressed as

Ico =
8D(ωM )Ubus

R1

[
R2 (πD)2 + 8RcL

]
+ (ωM )2 (πD)2

(18)

η =

8(ωM )2 (πD)2RcL

R1

[
R2 (πD)2 + 8RcL

]2
+ (ωM )2 (πD)2

[
R2 (πD)2 + 8RcL

] .

(19)

The charging current Ico and system efficiency η as a function
of equivalent load resistance RcL and duty cycle D are analyzed
by Pspice circuit simulation software, and then the results are
plotted in Fig. 3. When the range of RcL is 0.3 − 3 Ω, with
the increment of RcL , the system efficiency increases which
is consistent with Fig. 2, and the charging current decreases.
For a fixed RcL , the larger the duty cycle is, the smaller the
system efficiency and charging current are. With the duty cycle
increases per 0.1, the charging current decreases 3–7 A. Once

Fig. 3. Curves of the duty cycle and equivalent load resistance with (a) charg-
ing current and (b) system efficiency.

the magnetic coupler is fabricated, mutual inductance is almost
fixed unless misalignment occurs. Hence, the adjustment of duty
cycle can be used to regulate the charging current.

In addition, in order to obtain the suitable mutual inductance
for the magnetic coupler that will be designed in Section III,
mutual inductance Mmax for the maximum charging current
Icomax is analyzed and expressed as

Icomax =
4Ubus

π

1
√

R1

[
R2(πD)2 + 8RcL

] (20)

Mmax =

√

R1

[
R2(πD)2 + 8RcL

]

ω(πD)
. (21)

It is obvious that the charging current increases with mutual
inductance first, and then decreases, as shown in Fig. 4. With
the increase of RcL , mutual inductance Mmax for the maximum
charging current increases. When RcL is small, the change trend
of charging current versus mutual inductance is obvious. With
the increase of D, mutual inductance Mmax for the maximum
charging current decreases. When the range of RcL is 0.3 − 3 Ω
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Fig. 4. Curves of the mutual inductance and equivalent load resistance versus
charging current. (a) D = 0.3 and (b) D = 0.7.

and D is 0.3 and 0.7, the calculated Mmax is much smaller than
5μH.

III. MAGNETIC COUPLER DESIGN FOR THE WPT SYSTEM

Once the rectangular type magnetic coupler is selected for
the WPT system, the finite element analysis (FEA) software
(Ansoft Maxwell) based optimizations are undertaken prior to
fabricate it. The main goals of FEA optimization should meet
the following requirements [4], [5], [20]:

1) achieving the reasonable mutual inductance, which can
ensure the stable power transfer and high efficiency;

2) reducing the physical weight, size, and material cost as
much as possible without sacrificing the power transfer
capabilities, which is essential for the practical applica-
tions;

3) avoiding the magnetic saturation occurs under the max-
imum transfer power, especially when the transferred
power is high;

4) meeting the magnetic field safety requirements regulated
by ICNIRP guidelines.

The optimization process of the magnetic coupler can be
described as following. First, in order to reduce weight and cost,
the structure of ferrite core is optimized. Second, the magnetic

Fig. 5. Comparison between circular and rectangular type magnetic couplers.
(a) Simulation model and (b) vertical and horizontal misalignment.

field around the receiver is significantly reduced by the usage
of Al sheet. The misalignment capability of magnetic coupler is
also analyzed to properly design the system power electronics
and closed-loop control scheme.

A. Mutual Inductance Optimization

The mutual inductance, which is significantly affected by
the design of the magnetic coupler, is always considered as an
important factor in the WPT system. Hence, the rationality of
selecting the rectangular type magnetic coupler is validated by
Ansoft Maxwell simulation firstly, as shown in Fig. 5.

From Fig. 5, it can be seen that when the magnetic couplers’
size (rectangle’s length and width equal to circle’s diameter) and
the misalignment distance are same, the mutual inductance of
rectangular type is much larger than circular type, and then the
rectangular type is chosen. Furthermore, the mutual inductance
determines the system power transfer capability, such as system
output power, charging current, and system efficiency. There-
fore, the mutual inductance versus charging current is simulated
and the results are plotted in Fig. 6.

As shown in Fig. 6, the mutual inductance M should be chosen
in the range of 22 − 24 μH, so as to meet the required 31.5-A
charging current. In addition, due to M is always larger than
the Mmax (its value is smaller than 5μH, as shown in Fig. 4)
that achieves the maximum charging current, with the increase
of mutual inductance, the charging current decreases. Also, the
charging current decreases with the increase of the equivalent
load resistance.
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Fig. 6. Mutual inductance versus charging current.

B. Ferrite Core Optimization for the Magnetic Coupler

Once the required mutual inductance is determined, the opti-
mal design of a magnetic coupler should always be considered.
In [46], it points out that with the similar geometry and ma-
terials, different configurations of the magnetic coupler have
different mutual inductances, and a better design may lead to a
50–100% improvement compared with the nonoptimal design.
Hence, the magnetic coupler is optimized from the ferrite core
and magnetic shielding.

In general, the ferrite core is applied to enhance the mutual
inductance and magnetic shielding for the magnetic coupler,
especially under large air gap situation. As shown in Fig. 7,
the magnetic couplers with and without ferrite core (named as
Type I and Type II) are simulated by Ansoft Maxwell. From the
magnetic field simulation, it is obvious that the magnetic field
around the receiver of Type II coupler is significantly suppressed
by the ferrite core when compared with Type I coupler. Mean-
while, according to the simulation results in Fig. 8, with the
usage of ferrite core, mutual inductance can be twice improved
at least.

Based on the consideration that the receiver is mounted under
the EV chassis, its weight and size should be small as pos-
sible, so as to adapt to the limited space. Combined with the
required mutual inductance’s range of the Type II magnetic cou-
pler, N1 = 14 and N2 = 8 whose mutual inductance is 23.4μH
is suitable. In addition, the weight and cost of the magnetic
coupler should be further reduced without sacrificing system
performance, which is essential to the practical applications.

One intuitive way is to reduce the usage of ferrite core that
always occupies a large part of weigh and cost in the magnetic
coupler. Hence, Type III and IV couplers, which have the same
coil turns as Type II coupler, are proposed, as shown in Fig. 7.

According to Table II, it is obvious that Type III coupler is
not suitable for the reason that its mutual inductance fail to
meet the required value, even though the usage of ferrite core
is the least. Type II and IV couplers almost have the same
mutual inductance and magnetic shielding effect, but the usage
of ferrite core in type IV coupler is 31.25% less than type II

coupler. Therefore, Type IV coupler is chosen in this paper. In
addition, as shown in Fig. 7, the maximum magnetic flux in and
around the Type IV coupler is less than 240μT, which is much
smaller than the saturation magnetic flux. However, in order to
design a stable WPT system, the saturation should always be
considered, especially when the system output power is high,
such as several tens or hundreds kilowatt level.

C. Magnetic Shielding Optimization for the Proposed
Magnetic Coupler

Even though the ferrite core can suppress the magnetic field
above the receiver to some extent, the magnetic shielding should
be further considered. Because when the magnetic flux enters
the chassis, it may cause eddy current losses and impact the
electronic equipment in the EVs. As shown in Fig. 9, with
the optimized Aluminum sheet, the magnetic field above the
receiver is largely reduced and the eddy current mainly concen-
trates on the Aluminum sheet above the coils in the magnetic
coupler. However, as the eddy current on the Aluminum sheet
cancels the magnetic field, the mutual inductance decreases to
18.23 μH.

As mentioned before, the mutual inductance should be cho-
sen in the range of 22 − 24 μH. Without changing the optimized
structure of the ferrite core, coil turns should be redesigned, and
then N1 = 15 and N2 = 9 with the mutual inductance (simula-
tion result) of 22.4μH is chosen. Combined with the skin depth
due to eddy current, the thickness of the Aluminum sheet is
chosen to be 2 mm.

D. Misalignment of Vertical and Horizontal

Considering the actual wireless charging situation, when the
car is overload or parking misalignment occurs, mutual induc-
tance will change, and then system power transfer capability
will be influenced inevitably. Both the simulations by Ansoft
Maxwell and experiments by Agilent Precision Impedance An-
alyzer E4990A are done to analyze the misalignment’s influence
on the mutual inductance and charging current, and the results
are plotted in Fig. 10. It shows that the larger the vertical and
horizontal misalignment distances are, the smaller the mutual
inductance is. Meanwhile, when the misalignment increases,
the charging current increases accordingly. In particular, Fig. 10
also proves that the simulation results of the mutual inductance
are very consistent with the experiment results, and the error is
less than 3%.

IV. SUPERCAPACITOR MODEL AND SECONDARY CONTROL

A. Equivalent Circuit Model of Supercapacitor

To design the supercapacitor powered WPT system, it is es-
sential to have a model that describes the electric behavior of
the supercapacitor load. In general, basic circuit components
such as resistor and capacitor are used to model the supercapac-
itor. For researchers in the electric engineering field, the most
widely used supercapacitor model is the classical equivalent
circuit model [15], as shown in Fig. 11.
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Fig. 7. Different types of magnetic couplers. (Color in the simulation model. yellow: coil, light blue: ferrite cores, and the range of magnetic flux is 150−2500 μT.
The applied primary and secondary side currents for simulation and experimental are 11 and 19 A.)

Fig. 8. Mutual inductance M versus coil turns.

TABLE II
PARAMETERS OF THREE TYPES MAGNETIC COUPLERS

Type Mutual inductance (μH) Ferrite cores usage (pieces)

II 23.4 32
III 18.1 18
IV 22.8 22

It has the advantages of simple structure, easy to analyze and
high precision. The model consists of equivalent series resis-
tance Rs , equivalent parallel resistance Rcp that can be ignored,
and ideal capacitance C. Ico and T are the charging current and
time span from 0 to t1 , respectively, Uci and Uco(ti) are the ini-
tial capacitor voltage and terminal or charging voltage at time
ti , respectively. The parameters of the supercapacitor used in
this system are listed in Table III [47].

When the charging current Ico is constant, based on the KVL
circuit theory, the supercapacitor terminal voltage Uco(ti) can
be expressed as

Uco (ti) = IcoRs + Uci. (22)

Fig. 9. Magnetic shielding simulation. (a) Simulation model and eddy current
density and (b) magnetic field with/without Aluminum sheet (yellow: Litz coil,
light blue: ferrite cores, and pink: Aluminum sheet).

During the time span from 0 to t1 , the variation of superca-
pacitor terminal voltage Uco(ti) is UcΔ , and the equations of
Uco(ti) and charging current Ico are shown as

⎧
⎪⎨

⎪⎩

Uco (t1) = IcoRs + Uc1

Ico = C
dUcΔ

dt
= C

(Uc1 − Uc0)
T

. (23)

Then, the equivalent load resistance RcL of the supercapacitor
at time t1 can be deduced as

RcL =
Uco(t1)

Ico
=

(

Rs +
Uc0

Ico

)

+
T

C
. (24)

According to (24) and Table III, when the supercapacitor is
charged from 10 to 92 V, equivalent load resistance as a function
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Fig. 10. Misalignment with (a) mutual inductance M and (b) charging
current Ico .

Fig. 11. Equivalent circuit model of supercapacitor.

of the charging current and charging time is experimentally
verified, and the results are plotted in Fig. 12.

It shows that when the charging current is constant, equivalent
load resistance RcL has a linear relationship with the charging
time. Under the same charging time, the larger the charging cur-
rent is, the smaller the corresponding RcL is. Hence, it further
proves that the supercapacitor powered WPT system features
a variable load whose equivalent load resistance has the char-
acteristic of dynamically changing and small value range. It

TABLE III
PARAMETERS OF SUPERCAPACITOR MODULES

Symbol Quantity Value

C (F) Rated capacitance 82.5
Rs (Ω) Equivalent series resistance 0.014
R c p (Ω) Equivalent parallel resistance 10 000
Uc o m a x (V) Maximum voltage 92
Uo (V) Initial voltage 10
N Number of series connected modules 2

Fig. 12. Equivalent load resistance versus charging time.

should be noted that the maximum voltage of the supercapaci-
tor modules are set to be 92 V (not 96 V stated in the datasheet
[47]), with the consideration of the voltage unbalance between
the supercapacitor modules and limited precision of the voltage
sensor and controller [48].

B. Practical Secondary Controller Implementation

To practically realize the charging current regulation in this
WPT system, secondary side control based Buck converter is
implemented, as shown in Fig. 13(a). The duty cycle of the
Buck converter’s driving pulse-width-modulation (PWM) sig-
nal is used as the control variable to maintain the charging
current constant. Two sensors are necessary for the WPT sys-
tem: one is a current sensor that is used to measure the charging
current, and then send the current signal to the Buck converter’s
controller; the other is a voltage sensor that is used to monitor
the supercapacitor terminal voltage to decide the start or stop
charging signal. In order to design the PI controller, the state
space equations are deduced firstly, so as to obtain the transfer
function of the charging current [49].

As shown in Fig. 13(a), Ron−ds is the conductive resistance
of IGBT and diode DB , RL is the internal resistance of inductor
LB , ico is the charging current, and vin and vco are the input
and output voltages of the Buck converter, respectively. The
WPT system’s operating frequency (85.5 kHz) is much higher
than the Buck converter’s switching frequency (20 kHz) and the
converter operates in continuous conduction mode (CCM). To
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Fig. 13. Control block diagram of the Buck converter. (a) Buck converter
model and (b) control block diagram.

apply the state space averaging method, a commutation function
u(t) is defined in the following equation first [50]:

u(t) =

{
0, 0 < t < dTs

1, dTs < t < Ts.
(25)

The above function depends on the Buck converter’s driv-
ing PWM signal whose period is Ts , and then the differential
equations can be expressed as follows:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

LB
dico (t)

dt
= vin (t)u(t) − vco (t) − R′ico (t)

C
dvco (t)

dt
= ico (t) − vco (t)

Rcp
+

Rs

Rcp
ico (t) + CRs

dico (t)
dt

iin (t) = ico (t)u(t)
(26)

where R′ = Ron−ds + RL . According to the small signal model,
the state space equations in one period Ts is expressed as
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

LB

d〈ico (t)〉T s

dt
+ R′〈ico (t)〉T s

= d〈vin (t)〉T s
− 〈vco (t)〉T s

C
d〈vco (t)〉T s

dt
= 〈ico (t)〉T s

− 〈vco (t)〉T s

Rcp
+

Rs

Rcp
〈ico (t)〉T s

+CRs

d〈ico (t)〉T s

dt
〈iin (t)〉T s

= d〈ico (t)〉T s

(27)
where 〈ico(t)〉Ts

, 〈iin (t)〉Ts
, 〈vco(t)〉Ts

and 〈vin(t)〉Ts
are the

average values of ico , iin , vco , and vin , respectively, and d is the
duty cycle. Suppose that the above variables’ equilibrium points
are Ico , Iin , Vco , Vin , and D, respectively. Then, the equations
of the small signal model can be further deduced as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

LB
d
∧
ico (t)
dt

+ R′∧ico (t) = [D
∧
vin (t) + d

∧
vin (t) +

∧
d vin (t)] − ∧

vco (t)

C
d
∧
vco (t)
dt

− CRs
d
∧
ico (t)
dt

=
(

1 +
Rs

Rcp

)
∧
ico (t) −

∧
vco (t)
Rcp

.

(28)
Furthermore, ignore the two order perturbation and im-

plement the Laplace transformation on (26), the following

Fig. 14. Bode diagram of the open-loop and closed-loop control schemes.
(a) Bode diagram and (b) charging current.

equations can be derived:
⎧
⎪⎨

⎪⎩

(LB s + Ron−ds + RL )
∧

ico (s) = D
∧

vin (s) + V1
∧
d (s) − ∧

vco (s)

(RcpCs + 1)
∧

vco (s) = (RcpRsCs + Rcp + Rs )
∧

ico (s).
(29)

Considering that the equivalent parallel resistance Rcp in the
supercapacitor is large enough. Combined with (29) and assume

that
∧

vin(s) = 0, the open-loop transfer function of the charging
current is

Gi(s) =

∧
ico(s)
∧
d(s)

=
V1Cs

CLs2 + (Ron−dsC + RLC + RsC)s + 1
.

(30)
As shown in Fig. 13(b), the closed-loop control block di-

agram that is applied to realize the constant charging current
mainly consists of the transfer functions of PI controller Ci(s),
controller delay D(s), filter RC(s) and current sensor’s sam-
pling proportional coefficient 1/Ki . Through the pole place-
ment method, the closed-loop transfer function of the charging
current is

Gi−closed(s) =

(
kp + ki

s

)
e−T sGi(s)

1 + 1
K 1

(
kp + ki

s

)
e−T sGi(s)

(
1 + s

2πf

)−2 .

(31)
As shown in Fig. 14(a), the Bode diagram of the open-

loop and closed-loop control schemes is analyzed by MATLAB
Simulink software, and their corresponding phase margins are
3.43° and 57.4°, respectively. Compared with the open-loop
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Fig. 15. Experimental setup of the WPT system.

TABLE IV
PARAMETERS OF THE EXPERIMENTAL SYSTEM

Symbol Quantity Value

L1 Primary side coil inductance 160.1 μH
C1 Primary side resonant capacitance 21898.33 pF
A 1 Primary side transmitter size 40 cm ∗ 40 cm
L2 Secondary side coil inductance 79.5 μH
C2 Secondary side resonant capacitance 43585.39 pF
A 2 Secondary side transmitter size 40 cm ∗ 40 cm
ui (23 °C) Initial permeability 3200
Bs (25 °C) Saturated permeability 520 mT
D Transfer distance 15 cm
fs Operating frequency 85.5 kHz
U in System input voltage 310 dc
Ic o Charging current 31.5 A
W Whole system weight 35 kg

operation, it is obvious that the closed-loop control stability of
the Buck converter is ensured. Then, combined with the de-
signed PI controller, the charging current versus response time
is also obtained by simulation, as shown in Fig. 14(b).

V. EXPERIMENTAL VALIDATION

To demonstrate the proposed 3-kW WPT system and design
procedure, an experimental setup that features constant current
charging for supercapacitor is built and installed in the sightsee-
ing car, as shown in Fig. 15. The parameters of designed system
are tabulated in Table IV.

A. Experimental System on the Sightseeing Car

As shown in Fig. 15, the experimental setup mainly consists
of the primary and secondary side control box, magnetic coupler

and supercapacitor (system load). The VSI topology H-bridge
inverter in the primary side control box works at 85.5 kHz with
a fixed frequency, and generates an ac magnetic flux in the
transmitter. The buck converter in the secondary side control
box is controlled by the PWM signal (20 kHz) whose duty cycle
is adjustable. Two 2.4-GHz ZigBee wireless communication
modules are used to exchange system operating state signal
(the signal of start or stop charging, over current protection
and so on, but not for power transfer adjustment) between the
primary and secondary sides. The coils in the magnetic coupler
are made of the Litz wire of 0.12 mm/1000 strands with a
diameter of 4.3 mm. The rectangular structure of the coils is
carefully designed to lower the ac resistance. In addition, both
of the ferrite core and Aluminum sheet are optimized to enhance
the mutual inductance and magnetic shielding, as mentioned in
Section III.

The WPT system’s charging process consists of the following
stages: car detecting, start charging, and stop charging.

1) Car detecting stage: High sensitivity three axis magnetic
sensor in the receiver and magnetic marker (permanent
magnet) in the transmitter are applied. When the car stops
above the transmitter, the magnetic sensor detects the
magnetic field generated by the magnetic marker, a feed-
back signal is sent to the driver in the car, and the system
is ready to be turned-on by the driver.

2) Start charging stage: After the car is detected, the driver
pushed the “start charging button.” The secondary side is
powered, the Buck converter and control circuit are firstly
activated. Through the wireless communication, the start
charging signal is sent from the secondary side controller
to the primary side controller. The H-bridge inverter and
control circuit are activated. Then the whole system charg-
ing process is ready, and the power is transferred to the
supercapacitor wirelessly.

3) Stop charging stage: When the terminal voltage of the
supercapacitor approaches its maximum voltage, the con-
troller in the secondary side sends the stop charging signal
to the controller in the primary side. The input power for
the WPT system is cut off through the switch that con-
trolled by the primary side controller. Then the driver
pushes the “stop charging button.” Supercapacitor stops
charging, and then the whole charging process is com-
pleted.

B. Open-Loop System Operation Test

The design rationality of the Type IV magnetic coupler is ver-
ified by experiments. Assume that the Buck converter operates
in open-loop, the duty cycle D is 0.6 and the supercapacitor is
set to be wirelessly charged from 10 to 70 V, two different coil
turns of the Type IV magnetic coupler are fabricated and the
parameters are listed in Table V.

As shown in Fig. 16, the influence of the mutual inductance
on charging current and system efficiency coincides with (18)
and (19). When mutual inductance M is large, although the
charging current is small and the charging time is long, the
system efficiency is high and decreased rate of charging current
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TABLE V
PARAMETERS OF TWO DIFFERENT TYPE IV MAGNETIC COUPLERS

Parameters Type IV (a) Type IV (b)

N1 10 15
L1 81.1 μH 160.1 μH
N2 5 9
L2 26.2 μH 79.5 μH
M 11.2 μH 22.8 μH

Fig. 16. Open-loop system test with mutual inductance. (a) Charging current
and (b) system efficiency.

is small. To meet the system required 31.5-A charging current,
the Type IV (b) magnetic coupler with M = 22.8μH is more
suitable.

Once the Type IV (b) magnetic coupler is chosen, the system
efficiency and charging current versus duty cycle are tested in
open-loop. Suppose that the supercapacitor is set to be wireless
charged from 10 to 92 V. From Fig. 17, it can be seen that
the larger the duty cycle D is, the smaller the system efficiency
and charging current are. Compared with a large duty cycle, the
decreased rate of the charging current is larger for a small duty
cycle. Meanwhile, due to the charging current becomes small,
the charging time will increase for a complete charging process.

At the beginning of wireless charging, due to the small equiv-
alent load resistance RcL , the system efficiency is relatively
low. As the charging time increases, RcL becomes large and

Fig. 17. Open-loop system test with duty cycle. (a) Charging current and
(b) system efficiency.

approximates to the system rated load, and then the system effi-
ciency significantly improves. Meanwhile, with the duty cycle
D decreases per 0.05, the charging current increases 1–3A.

C. Validation of Secondary Side Control Scheme

In the open-loop operation test, the relationship between the
charging current and duty cycle is obtained. To further validate
the PI control scheme of the Buck converter, we test the closed-
loop WPT system in a complete charging process of 200 s.
As shown in Fig. 18, with the linear increase of the equivalent
load resistance, the duty cycle that is adjusted by PI controller
decreases automatically, so as to maintain the constant charging
current.

It should be noted that the charging current regulation is only
realized by the secondary side closed-loop control, no other con-
trol methods are implemented to adjust the input power on the
primary side. Therefore, the wireless communication between
the primary and secondary sides can be eliminated, and then
the speed and stability can be significantly improved, which is
always essential to the practical applications [6], [9].
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Fig. 18. Closed-loop operation by secondary side control. (a) Duty cycle
adjustment and (b) equivalent load resistance.

D. Closed-Loop System Operation Test

With the designed control scheme, the sightseeing car super-
capacitor is charged wirelessly within the charging time of 200 s.
The system efficiency and charging current versus charging time
are plotted in Fig. 19.

During the complete charging process, the 31.5-A constant
charging current is achieved. Due to the feedback resistance on
the primary side decreases when the supercapacitor terminal
voltage increases, the primary side input dc current increases to
maintain the required power by the supercapacitor [9]. Mean-
while, the system efficiency maintains above 80% during the
charging time of 45–200 s, which accounts for 77.5% of the
whole charging process. Although the precision of charging
current is limited by the current sensor and resolution of the
controller, the accuracy of the system efficiency and average
value of the charging current that are measured by Yokogawa
Precision Power Analyzer WT1800 is less than 1%.

As shown in Fig. 20, the maximum power transfer capability
of the designed WPT system is tested by a Yokogawa WT1800
Power Analyzer. When the charging current is 31.51 A, the WPT
system can achieve the maximum system efficiency of 88.05%
under the maximum transfer power of 2.86 kW.

During the closed-loop operation test, the operating wave-
forms that are measured by Tektronix Oscilloscope MSO4054B
are shown in Fig. 21.

It is obvious that the transmitter current lags of the H-bridge
inverter output voltage as shown in the red circle in Fig. 21,

Fig. 19. Closed-loop system test. (a) Charging current and system efficiency
and (b) SC terminal voltage and input dc current.

Fig. 20. Closed-loop system maximum power transfer capability test.
(Urm s1 , Irm s1 , and P1 are the system input dc voltage, current, and power;
Urm s2 , Irm s2 , and P2 are the SC terminal voltage, charging current, and trans-
ferred power; Effice is the system efficiency).

which means the operating frequency of the H-bridge inverter
is larger than the primary side resonant frequency. Therefore,
the H-bridge inverter has an inductive load to achieve ZVS,
and then EMI and switching losses of MOSFETs can be fur-
ther suppressed [35]. The average value of the charging current
waveform in Fig. 21 is 31.5 A, which is consistent with the mea-
surement obtained by the Yokogawa WT1800 Power Analyzer.
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Fig. 21. Closed-loop system working waveforms. (SC’s charging current
Ico , H-bridge inverter output voltage Us , Transmitter current I1 , and Buck
converter’s IGBT voltage Vce ). X-scale: 20 μs/division.

Fig. 22. System losses and efficiency analysis.

E. System Losses Analysis

In order to further improve the system efficiency, which is our
future work, system losses with the transferred power of 2.86 kW
are analyzed, as shown in Fig. 22. The losses mainly occur in the
following parts: H-bridge inverter, magnetic coupler, secondary
side rectifier, and Buck converter.

According to Figs. 19 and 22, compared with the transferred
power of 500 W, when the transferred power is 2.86 kW, system
efficiency is improved from 68% to 88%. The reason is that when
the transferred power is low, the system operated under light
load condition, the system inherent losses, such as inverter’s
loss, rectifier’s loss, and so on, accounting for a large part of the
system’s input power. However, when the transferred power is
high, the inherent losses account for the input power decrease,
and then system efficiency will be significantly improved [51].

VI. CONCLUSION

This paper outlines the overall design and implementation of
a practical 3-kW WPT system for supercapacitor charge. The
designed system is able to achieve 31.5 A constant current charg-
ing with the maximum 88.05% system efficiency across a trans-
fer distance of 15 cm. In addition, the proposed and optimized
magnetic coupler is able to significantly reduce the weight, and
cost, and enhances magnetic shielding without compromising
system performance. Then, the closed-loop control of the Buck
converter with PI controller are designed to realize the charg-
ing current regulation for the supercapacitor whose equivalent
load resistance changing linearly versus charging time. Finally,
the designed WPT system is realized in a sightseeing car and
the correctness of the theoretical analysis and simulation are
verified.
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