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Abstract—Simple but effective output voltage/current control
schemes are essential for electric vehicle wireless charging systems
(EVWCSs). This article proposes an EVWCS using interleaved
boost converter (IBC) and flat solenoid coupler (FSC). The closed-
loop control between the primary and secondary is realized by
adjusting the duty cycle of the IBC. The currents and losses in
the primary are reduced in the proposed system because the dc
bus voltage in the primary is increased by using the IBC. The input
current ripple is diminished owing to the interleaved structure. This
article also proposes a parameter optimization method to obtain
the optimal FSC. Without loss of generality, the total area of the
transmitter (Tx) and receiver (Rx) is assumed to be constant, and
the Tx is assumed to be larger than the Rx. A scale-down proto-
type whose output power is 500 W was built in the laboratory to
verify the theoretical analysis. The output voltage of the prototype
kept constant when the misalignment was 200 mm in the winding
direction or 100 mm in the magnetic direction. A highest system
efficiency, from dc input to dc output, of 90.1% was achieved when
the power transfer distance was 170 mm.

Index Terms—Closed-loop control, flat solenoid coupler (FSC),
interleaved boost converter (IBC), parameter optimization,
wireless charging system.

I. INTRODUCTION

W IRELESS power transfer (WPT) can transmit electrical
energy through a relatively large air gap. It shows the

advantages of flexibility, convenience, and safety. Most of the
disadvantages of conductive power transfer can be overcome
or diminished by using this new technology [1]–[3]. WPT can
be employed in many applications such as electric vehicles,
automatic underwater vehicles, and implantable medical devices
[4]–[6].

To expand the load lifetime and achieve better performance,
the output voltage/current of a WPT system should be stable.
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Nevertheless, the misalignment between the transmitter (Tx)
and receiver (Rx) has great impact on output voltage/current.
Hence, an effective closed-loop control scheme is essential.
Three types of control strategies are commonly utilized in WPT
systems. They are primary side control (PSC), secondary side
control (SSC), and primary and secondary sides control (PSSC),
respectively [7]–[10]. In this article, PSC (SSC) refers to the
control that both the sampling and control are implemented at
the primary (secondary) side, while PSSC refers to the control
that the sampling and control are implemented at the secondary
and primary sides, respectively. The response of PSC is fast, but
the output accuracy is low. It is not suitable for the scenarios
where high output accuracy is required. The output accuracy of
SSC is high, but it increases the volume and weight of the Rx.
PSSC feeds the output voltage/current at the secondary back to
the primary. Hence, the control accuracy is high. In addition,
PSSC is suitable for the applications where the primary space is
large and the secondary space is small, for instance, the electric
vehicle wireless charging systems (EVWCSs). Therefore, this
article will focus on PSSC.

Variable frequency control at the primary and secondary sides
can keep the output voltage/current constant, but it results in the
loss of resonance and zero phase angle (ZPA), and introduces
a large amount of reactive power increasing the stresses over
the components [9]. Phase shift control of a WPT system using
a full-bridge inverter (FBI) can maintain the resonance of the
system, but the disadvantages of low inverter gain (defined as
the ratio of the fundamental harmonic of the output voltage of
the inverter to the dc input voltage of the inverter) and narrow
adjustment range limit its utilization in practical systems [10].
To increase the inverter gain and widen the adjustment range,
this article replaces the FBI with an interleaved boost converter
(IBC). A greater inverter gain indicates a higher output voltage
of the inverter and smaller currents and losses in the primary.
Moreover, IBC can reduce the ripple of the dc input current.
Consequently, the impact of the WPT system on power grid is
attenuated.

Misalignment tolerance is an important issue in EVWCSs.
Optimizing compensation topologies and modifying magnetic
couplers are two widely employed methods which can effec-
tively improve the misalignment tolerance of WPT systems.
However, optimizing compensation topologies may introduce
additional resonant components and reduce system efficiency
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[11]–[15]. Therefore, the misalignment tolerance will be im-
proved by modifying magnetic couplers in this article.

Flat solenoid coupler (FSC) provides good misalignment tol-
erance in winding direction but poor misalignment tolerance in
magnetic direction. To reduce the cost and weight, H-shaped and
split-core-based FSCs were proposed where the amount of the
ferrite core was significantly decreased [16]–[21]. To improve
the coupling coefficient and misalignment tolerance of FSCs,
the ferrite shape was carefully optimized [22], [23]. Moreover,
some researchers combine FSCs with other couplers to make
full use of the advantages of different magnetic couplers [24].

Although a lot of studies have been done to improve the
performance of FSCs, some issues need to be further addressed.
For example, is H-shaped core the optimal? How many segments
should the core be split into for a split-core-based FSC? How
much ferrite can be taken out from the original core? This
article proposes a parameter design method based on which the
optimal FSC employing much less ferrite, providing sufficient
coupling in the whole operating area, and showing good mis-
alignment tolerance can be readily obtained. Considering the
wireless charging of sport utility vehicles, the power transfer
distance is determined as 170 mm in this article. The maximum
misalignments are 200 mm in the winding direction and 100 mm
in the magnetic direction, which are 100% and 33.3% larger than
the recommended values in J2954.

This article mainly has two contributions. First, introduction
of the IBC into WPT system results in smaller receiver size,
higher system efficiency, and lower input current ripple. The
output voltage of the proposed WPT system can be regulated by
changing the duty cycle of the IBC. Hence, the dc–dc converter
employed in the secondary side of a conventional WPT system is
removed. The receiver becomes smaller and lighter. The system
efficiency is improved because the dc bus voltage is boosted,
and the currents in the primary side are reduced. The input
current ripple becomes much lower owing to the interleaved
structure. It significantly reduces the impact of the WPT system
on power grid. Second, a novel magnetic coupler based on flat
solenoid coil is proposed for electric vehicle wireless charging.
The proposed coupler shows the advantages of higher coupling
coefficient, better misalignment tolerance, and less ferrite core
usage.

The remainder of this article is organized as follows. Section II
analyzes the working principles of the proposed EVWCS, espe-
cially the input and output characteristics of the IBC. Section III
introduces the proposed parameter design method in detail.
Section IV focuses on the system modeling and closed-loop
control strategy. To verify the correctness of the theoretical
analysis and the advantages of the proposed system, a prototype
whose output power is 500 W was built in Section V. Finally,
Section VI concludes the article.

II. CIRCUIT ANALYSIS OF THE PROPOSED EVWCS

A. Introduction of the Proposed System

Fig. 1 shows the schematic circuit of the proposed EVWCS.
Uin is the dc input voltage. Cin is the voltage-stabilizing ca-
pacitor. UCin is termed dc bus voltage in this article. L1 and

Fig. 1. Schematic circuit of the proposed EVWCS.

Fig. 2. Schematic circuit of the boost inverter.

L2 are two interleaved inductors. Q1–Q4 are four MOSFETs.
L1, L2, and Q1–Q4 constitute the IBC. It works as not only
a boost converter which boosts Uin to UCin but also a FBI
which converts UCin into the high-frequency square-wave volt-
age UAB. For the sake of straightforwardness, it is called boost
inverter hereafter. C1 and C2 are the primary and secondary
series compensation capacitors, respectively. LP and LS are the
primary and secondary self-inductances of the magnetic coupler,
while M is the mutual inductance, D1–D4 are four diodes, CF

is the filtering capacitor, and R is the resistive load. The output
voltage UO is sampled in the secondary and then transmitted to
the primary using Bluetooth HC-05. The received output voltage
is compared with the preset value. The difference between them
is sent to the PID controller to control the ON and OFF of the
MOSFETs and keep the output voltage constant in the case of
misalignment.

B. Output Characteristics of the Boost Inverter

Fig. 2 shows the schematic circuit of the boost inverter. Z
stands for the equivalent impedance of the poststage circuit. L1,
Q1, and Q3 constitute the first boost converter. L2, Q2, and Q4

constitute the second boost converter. Similar to the duty cycle
of a boost converter, the ratio of the ON time of Q3 and Q4 to
the whole period is defined as the duty cycle D for the boost
inverter. The ON time of Q3 equals to that of Q4 but Q4 lags Q3

by half period. The conduction of Q1 and Q3 as well as Q2 and
Q4 is complementary.

The duty cycle of the boost inverter can be categorized into
three cases, i.e., D < 0.5, D = 0.5, and D > 0.5. L1, and L2 are
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Fig. 3. Drive signals of Q1–Q4 and waveforms of UAB with different duty
cycles. (a) D < 0.5. (b) D = 0.5. (c) D > 0.5.

alternately charged and discharged throughout the operation,
resulting in a stable UCin, which is assumed to be constant in
the analysis. Based on the principle of volt–second balance, the
following equation can be deduced

UinDT + (Uin − UCin)(1−D)T = 0. (1)

Then, UCin is obtained by solving (1)

UCin =
Uin

1−D
. (2)

Fig. 3 shows the drive signals of Q1–Q4 and waveforms of
UAB in the cases of different duty cycles. θdead represents the
dead angle of UAB, which can be expressed as follows:

θdead =

⎧⎨
⎩

π − 2πD (D < 0.5)
0 (D = 0.5)
2πD − π (D > 0.5) .

(3)

Fig. 4. Schematic circuit of a conventional full-bridge inverter.

According to the Fourier decomposition, the root mean square
(rms) of the fundamental harmonic of UAB can be yielded

UAB1 =

⎧⎪⎪⎨
⎪⎪⎩

2
√
2Uin

π(1−D) cos
(
π
2 − πD

)
(D < 0.5)

4
√
2

π Uin (D = 0.5)

2
√
2Uin

π(1−D) cos
(
πD − π

2

)
(D > 0.5) .

(4)

Equation (4) can be simplified into

UAB1 =
2
√
2Uin

π (1−D)
cos

(
πD − π

2

)
(0 < D < 1) . (5)

Based on the definition of the inverter gain, it can be deduced
as follows:

GBI =
UAB1

Uin
=

2
√
2

π (1−D)
cos

(
πD − π

2

)
. (6)

Fig. 4 shows the schematic circuit of a conventional FBI.
UAB-FBI represents the output voltage of the FBI. The funda-
mental harmonic of UAB-FBI (rms value) can be calculated using
the following equation when the phase shift angle is 0:

UAB1−FBI =
2
√
2

π
Uin. (7)

The inverter gain of the FBI can be derived

GFBI =
UAB1−FBI

Uin
=

2
√
2

π
. (8)

A novel parameter G0, defined as the ratio of GBI to GFBI, is
introduced to compare the inverter gain of the BI and FBI

G0 =
GBI

GFBI
=

1

1−D
cos

(
πD − π

2

)
. (9)

On the basis of (2), the ratio of UCin to Uin, termed boost ratio
in this article, can be obtained

GBR =
UCin

Uin
=

1

1−D
. (10)

Fig. 5 shows the plots of G0 and GBR as functions of the
duty cycle. When D is smaller than 0.27, the dead time of UAB

is relatively long and G0 is lower than 1. When D is greater
than 0.67, GBR is higher than 3 and UCin is quite high. The
MOSFETs with high drain-to-source voltages should be selected,
which increases system cost and deteriorates system reliability.
Therefore, D is determined to be higher than 0.27 and lower than
0.67 in the proposed system.
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Fig. 5. Plots of G0 and GBR as functions of the duty cycle D.

C. Advantages of the Boost Inverter

The transmitter of an EVWCS is usually large in size, and the
number of turns is great. Hence, the equivalent series resistance
(ESR) of the transmitter is high. Reducing the current flowing
through the transmitter can effectively reduce the loss and im-
prove system efficiency. The boost inverter can step up the dc bus
voltage and lower the current flowing through the transmitter.
In other words, the boost inverter can improve system efficiency
by decreasing the loss of the transmitter.

The voltage-stabilizing capacitor Cin of the FBI (see Fig. 4)
is periodically charged and discharged, causing a large ripple
in the input current. The input current ripple has great impact
on the power grid. This problem can be alleviated when a BI
is employed. Fig. 6 shows the input current (Iin) and inductor
currents (IL1 and IL2) of a BI in the cases of different duty
cycles. Iin equals the sum of IL1 and IL2. Owing to the interleaved
structure, the ripples of IL1 and IL2 cancel each other out. Hence,
the ripple of Iin is small. It is even zero when the duty cycle is 0.5.

D. Output Characteristics of the Proposed EVWCS

SS compensation topology showing many advantages includ-
ing ZPA, high efficiency, good high-order harmonics suppres-
sion capability, and coupling-independent resonant frequency is
employed in this article. To minimize power loss and achieve
ZPA, C1 (C2) should resonate with LP (LS) at system operating
frequency f0

ω0
2 = (2πf0)

2 =
1

C1LP
=

1

C2LS
. (11)

ω0 is system operating angular frequency. Equation (12) gives
the correlation between UO and Uin. The duty cycle D will be
adjusted to keep UO constant if a misalignment appears. RN is
the nominal resistance

UO =
8RN cos

(
πD − π

2

)
Uin

π2 (1−D) kω0

√
LPLS

. (12)

III. OPTIMIZATION OF THE FLAT SOLENOID COUPLER

The transmitter embedded in the ground is generally larger
than the receiver mounted on the vehicle due to the size limitation
of the chassis in an EVWCS. Fig. 7 shows the original FSC for

Fig. 6. Simulation results of the input current (Iin) and inductor currents (IL1

and IL2) of a BI. (a) D < 0.5. (b) D = 0.5. (c) D > 0.5.

Fig. 7. Original FSC for EVWCSs.

EVWCSs which has not been optimized. It is comprised of two
ferrites and two windings.

Fig. 8 shows the main size parameters of the original FSC. The
power transfer distance from the upper surface of the transmitter
to the lower surface of the receiver is DPT. LPF and WPF

(LSF and WSF) represent the length and width of the primary
(secondary) ferrite. CWF stands for the clearance between the
winding and ferrite. It is 3 mm because the ferrite is placed in a
cuboid acrylic box whose thickness is 3 mm. The thickness of
winding (ferrite) is represented by TW (TF). WPW and WSW are
the widths of the primary and secondary windings, respectively.

Among the aforementioned size parameters, LSF, LPF, WSF,
WPF, DPT, WSW, and WPW are determined by the applications.
They are unchanged in this article. The impact of TF, TW,
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Fig. 8. Main size parameters of the original FSC. (a) Right and (b) front views.

TABLE I
UNCHANGED SIZE PARAMETERS UTILIZED IN THE SIMULATIONS

and CWF on coupling and misalignment tolerance is negligible
because their variation ranges are small. The unchanged size
parameters utilized in the simulations are listed in Table I.

The original FSC shown in Fig. 7 is cumbersome since it
requires a large quantity of ferrite. The lightweight design makes
great sense for the wide deployment of this coupler. In this
article, a predetermined ratio of ferrite will be removed from
the original coupler. This results in two issues—what is the
optimal core shape and how to allocate the removed ferrite
between the transmitter and receiver. These two issues will be
discussed in the following two subsections, respectively. Poor
misalignment tolerance in Y direction is another disadvantage
of FSC. This article will improve the Y-direction misalignment
tolerance of FSC by separating the windings. Both the primary
and secondary windings will be divided into two subwindings
connected in series. The two subwindings of the primary or
secondary winding will be wound in the ferrite with a gap.
The length of the gap will be optimized in subsection C. To
summarize, the optimization of the FSC mainly contains three
steps. The first step is to determine the primary and secondary
core shapes. The second step is to obtain the optimal ratios of the
removed ferrite between the transmitter and receiver. The last
step is to optimize the length of the gap between two subwindings

Fig. 9. Diagram of the preliminary transmitter optimization.

in both the primary and secondary sides. More details regarding
the optimization can be found in the following three subsections.

A. Preliminary Optimization—Determination of
Core Shape

The transmitter is first optimized. Fig. 9 shows the diagram
of the preliminary transmitter optimization. Lx and Ly repre-
sent the length and width of the ferrite that is removed from
the original square ferrite. To obtain a transmitter performing
symmetrically with respect to X and Y axes, the removed ferrite
is also symmetrical with respect to X and Y axes.

The area of the original primary ferrite is

SP = LPFWPF. (13)

The area of the removed ferrite is

SRP = 2LxLy = k1SP (14)

where k1 is the ratio of SRP to SP. It is determined as 50% in
this article. The variation ranges of Lx and Ly (constraints of the
preliminary transmitter optimization) can be readily obtained
from Fig. 9 {

0 ≤ Lx ≤ LPF

0 ≤ Ly ≤ WPF

2

. (15)

Substituting the parameters in Table I into (13)–(15), the
variation range of Ly, 100 mm ≤ Ly ≤ 200 mm, can be
obtained. Fig. 10 shows the coupling coefficients as functions
of X- and Y-axis misalignments and Ly. CRRΔX and CRRΔY

represent the coupling retaining ratios in X and Y directions.
They are defined by (16), where kΔX, kΔY, and kali stand for
the coupling coefficients under misaligned and aligned cases,
respectively. The subscriptsΔX= 200 andΔY= 100 imply that
the misalignments in X and Y directions are 200 and 100 mm,
respectively. CRRΔX and CRRΔY are indicators reflecting the
misalignment tolerance of a magnetic coupler

CRRΔX =
kΔX

kali
, CRRΔY =

kΔY

kali
. (16)

As shown in Fig. 10(a), the coupling coefficient increases
gradually, whereas CRRΔX = 200 increases first and decreases
later as Ly increases from 100 to 200 mm. Nevertheless, the
change of CRRΔX = 200 is so tiny that can be ignored when Ly
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Fig. 10. Coupling coefficients as functions of (a) X- and (b) Y-direction
misalignments and Ly.

Fig. 11. Diagram of the preliminary receiver optimization.

is relatively large. As shown in Fig. 10(b), both the coupling co-
efficient and CRRΔY = 100 increases gradually as Ly increases
from 100 to 200 mm. Therefore, Ly is determined as 200 mm to
acquire the highest coupling coefficient and good misalignment
tolerance.

The receiver is then optimized. The preliminary optimization
of the receiver is highly similar to that of the transmitter. Fig. 11
shows the diagram of the preliminary receiver optimization. La

and Lb represent the length and width of the removed ferrite,
respectively. The area of the original secondary ferrite is

SS = LSFWSF. (17)

The area of the removed ferrite is

SRS = 2LaLb = k2SS (18)

Fig. 12. Coupling coefficients as functions of (a) X- and (b) Y-direction
misalignments and Lb.

where k2 is the ratio of SRS to SS. It is determined as 25% in
this article. The variation ranges of La and Lb (constraints of the
preliminary transmitter optimization) are{

0 ≤ La ≤ LSF

0 ≤ Lb ≤ WSF

2 .
(19)

Substituting the parameters in Table I into (17)–(19), the
variation range of Lb, 37.5 mm ≤ Lb ≤ 150 mm can be obtained.

Fig. 12 shows the coupling coefficients as functions of X-
and Y-direction misalignments and Lb. As shown in Fig. 12(a),
the coupling coefficient increases gradually and CRRΔX = 200

fluctuates as Lb increases from 37.5 to 150 mm. The coupling
coefficient is too low to transfer sufficient power when Lb is
37.5 mm even though CRRΔX = 200 is the highest in this
case. As shown in Fig. 12(b), the coupling coefficient increases
gradually and CRRΔY = 100 increases first and decreases later
as Lb increases from 37.5 to 150 mm. It is important to note that
the change of CRRΔX = 200 and CRRΔY = 100 in both cases
is so small that can be ignored. Therefore, Lb is determined
as 150 mm to obtain the highest coupling coefficient and good
misalignment tolerance.

Ly equals 200 mm indicates that the optimal primary ferrite
is not an H-shaped core because the intermediate ferrite has
been totally removed. The preliminary optimized core of the
transmitter looks like an equal sign, as shown in Fig. 13(a).
For statement convenience, it is termed double-I-shaped core.
The optimization of the receiver shows a similar result. The
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Fig. 13. Diagram of the FSC after the preliminary optimization. (a) Transmit-
ter. (b) Receiver.

preliminary optimized core of the receiver also looks like an
equal sign, as shown in Fig. 13(b). In fact, the object of the
preliminary optimization is to obtain the optimal core shape.
This step can be directly skipped in subsequent optimizations.

B. Second Optimization—Distribution of Removed Ferrite

The preliminary optimization determines the core shapes
of the transmitter and receiver. The second optimization will
distribute the removed ferrite to the transmitter and receiver with
reasonable allotments in the case that the total removed ferrite
is predetermined.

As shown in Fig. 13, Lm and Ln represent the lengths of the
ferrites removed from the transmitter and receiver, respectively.
The second optimization is based on the preliminary optimiza-
tion. Hence, the volume of the removed ferrite keeps constant,
i.e.,

LmWPF + LnWSF = k1SP + k2SS. (20)

Apparently, the variation ranges of Lm and Ln (constraints of
the second optimization) are{

0 < Lm < LPF

0 < Ln < LSF.
(21)

Substituting the parameters in Table I into (20) and (21), the
variation range of Lm, 31.25 mm < Lm < 256.25 mm, can
be acquired. If Lm is very large or very small, the transmitter
core or the receiver core will be very small, and the coupling
coefficient will be quite low. Therefore, the lower boundary of
Lm is increased to 40 mm and the upper boundary is dropped to
240 mm.

Fig. 14 shows the coupling coefficients as functions of X-
and Y-direction misalignments and Lm. Although CRRΔX = 200

Fig. 14. Coupling coefficients as functions of (a) X- and (b) Y-direction
misalignments and Lm.

Fig. 15. Diagram of the FSC in the final optimization.

and CRRΔY = 100 reach their peaks when Lm equals 240 mm,
the coupling coefficients are quite low. This is unacceptable in
practical applications because the system efficiency will be very
low. The coupling coefficients when Lm equals 160 mm are
similar to those when Lm equals 200 mm. However, CRRΔX

= 200 and CRRΔY = 100 are higher when Lm equals 200 mm.
Therefore, Lm is finally determined as 200 mm.

C. Final Optimization—Distances Between Separated
Windings

The second optimization determines the dimensions of the
cores. The final optimization will further optimize the coupling
coefficient by separating the windings of the transmitter and
receiver. Fig. 15 shows the diagram of the FSC in the final
optimization. DW represents the distance between the separated
windings.
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Fig. 16. Coupling coefficients as functions of DW in aligned and misaligned
cases. Two misalignments, ΔX = 200 mm and ΔY = 100 mm, are considered.

Fig. 17. Schematic of the final FSC after three times optimization where Pri.,
Sec., Fe., and Win. are abbreviated for Primary, Secondary, Ferrite, and Winding,
respectively.

Changing the distance between the separated windings has
little impact on misalignment tolerance. As a result, only the
coupling coefficients are considered in the final optimization.
Fig. 16 shows the coupling coefficients in three cases when DW

increases from 0 to 100 mm (constraint of the final optimization).
All the three cases have their own peak points. Choosing which
peak point depends on the practical requirements. In this article,
the coupling coefficient is relatively low when the Y-direction
misalignment is 100 mm. To obtain a higher coupling coefficient
when ΔY = 100 mm, P3 is chosen, i.e., DW = 70 mm.

The finally obtained FSC after three optimizations is shown in
Fig. 17. Both the transmitter and receiver are comprised of two
parallel placed ferrite bars and two separated windings which
are connected in series.

D. Comparison Between the Proposed and Conventional
Couplers

Table II shows the comparison between the proposed and con-
ventional magnetic couplers under the condition of equal ferrite
size, number of turns, and power transfer distance. The magnetic
couplers involved in the comparison include the planar circular,
planar square, double-D (DD) and proposed structures. PS and

SS represent the primary and secondary sides, respectively. PTD
stands for power transfer distance. The numbers of turns of
the transmitter and receiver are, respectively, 40 and 20 for all
couplers. The coupling coefficients of DD coupler in all cases are
low. Hence, it is not suitable for applications where the receiver is
much smaller than the transmitter. Although kali of the proposed
coupler is a little lower than that of the planar circular and square
couplers, CRRΔX = 200 and CRRΔY = 100 of the proposed
coupler are much higher. In other words, the proposed coupler
provides much better misalignment tolerance. Moreover, kali of
the proposed coupler is 0.1069, which is sufficiently high for the
transfer of electrical power with a high efficiency.

IV. SYSTEM MODELING AND CLOSED-LOOP

CONTROL STRATEGY

Generalized state space averaging method is employed in
this article to build the small signal model of the proposed
EVWCS, based on which the closed-loop control characteristics
are analyzed.

A. Small Signal Model of the EVWCS

Fig. 18 shows the equivalent circuit of the proposed system.
gQ1 and gQ2 are the switching functions of Q1 and Q2 which
describe the nonlinear characteristics of the boost inverter. gD
is the switching function of the rectifier which describes the
nonlinear characteristics of the rectifier.

On the basis of Fig. 18, the differential equations of the
proposed system can be yielded as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1
dIL1(t)

dt = Uin − gQ1 (t)UCin (t)

L2
dIL2(t)

dt = Uin − gQ2 (t)UCin (t)

Cin
dUCin(t)

dt = gQ1 (t) [IL1 (t)− ILp (t)] + · · ·
gQ2 (t) [IL2 (t) + ILp (t)]

UCin (t) [gQ1 (t)− gQ2 (t)] = UC1 (t) + · · ·
Lp

dILp(t)
dt −M dILs(t)

dt

C1
dUC1(t)

dt = ILp (t)

Ls
dILs(t)

dt + UC2 (t) + gD (t)UCF (t) = M
dILp(t)

dt

C2
dUC2(t)

dt = ILs (t)

CF
dUCF(t)

dt + UCF(t)
RL

= gD (t) ILs (t) .

(22)

Equations (23)–(25) show the expressions of gQ1, gQ2, and
gD. gQ1(t) = 1 means Q1 is ON and Q3 is OFF; gQ1(t) = 0
indicates Q1 is OFF and Q3 is ON. Similarly, gQ2(t) = 1 means
Q2 is ON and Q4 is OFF; gQ2(t) = 0 indicates Q2 is OFF and Q4

is ON. The rectifier works in the positive half cycle when gD(t)
= 1 and in the negative half cycle when gD(t) = –1.

gQ1 (t) =

{
1,mT ≤ t < (m+ 1−D) T,m ∈ N
0, (m+ 1−D) T ≤ t < (m+ 1)T,m ∈ N

(23)
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TABLE II
COMPARISON BETWEEN THE PROPOSED AND CONVENTIONAL MAGNETIC COUPLERS

∗Coil sizes of the planar circular, planar square, DD and proposed couplers are expressed in the following forms. Planar circular: outer diameter/inner diameter, planar square: outer
side length × outer side width/inner side length × inner side width, DD: (outer side length × outer side width/inner side length × inner side width of a single D coil) × number of
D coils, proposed: (length × width of the first part + length × width of the second part) × number of layers.

Fig. 18. Equivalent circuit diagram of the proposed system.

gQ2 (t) =

{
1,

(
m+ 1

2

)
T ≤ t <

(
m+ 3

2 −D
)
T,m ∈ N

0,
(
m+ 3

2 −D
)
T ≤ t <

(
m+ 3

2

)
T,m ∈ N

(24)

gD (t) =

{
1,

(
m− 1

4

)
T ≤ t <

(
m+ 1

4

)
T,m ∈ N

−1,
(
m+ 1

4

)
T ≤ t <

(
m+ 3

4

)
T,m ∈ N.

(25)

The Fourier series coefficient of gQ1(t) is

〈gQ1 (t)〉k =
1

T

(∫
T

gQ1 (t) e
−jkωtdt

)
. (26)

By expanding 〈gQ1(t)〉k at k = 0 and ±1, (27) can be yielded

⎧⎨
⎩

〈gQ1〉0 = 1−D

〈gQ1〉1 = − 1
2π sin 2πD + j

2π (cos 2πD − 1)

〈gQ1〉−1 = − 1
2π sin 2πD + j

2π (1− cos 2πD).

(27)

Similarly, (28) and (29) can be obtained by expanding
〈gQ2(t)〉k and 〈gD(t)〉k at k = 0 and ± 1

⎧⎨
⎩

〈gQ2〉0 = 1−D

〈gQ2〉1 = 1
2π sin 2πD + j

2π (1− cos 2πD)

〈gQ2〉−1 = 1
2π sin 2πD + j

2π (cos 2πD − 1)

(28)

⎧⎨
⎩

〈gD〉0 = 0
〈gD〉1 = 2

π〈gD〉−1 = 2
π .

(29)

As shown in (30), the variables in (22) can be approximated
by their Fourier series. Both the –1, 0, and +1 order Fourier
series of IL1, IL2, and UCin are considered because they contain
both dc and ac components. By contrast, only the –1 and +1
order Fourier series of UC1, UC2, ILp, and ILs are taken into
consideration since they are approximately sinusoidal. The rip-
ple of UCF is very small. Hence, only the 0 order Fourier series
of UCF is taken into account.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

IL1 (t) ≈ 〈IL1〉−1e
−jωt + 〈IL1〉0 + 〈IL1〉1ejωt

IL2 (t) ≈ 〈IL2〉−1e
−jωt + 〈IL2〉0 + 〈IL2〉1ejωt

UCin (t) ≈ 〈UCin〉−1e
−jωt + 〈UCin〉0 + 〈UCin〉1ejωt

UC1 (t) ≈ 〈UC1〉−1e
−jωt + 〈UC1〉1ejωt

ILp (t) ≈ 〈ILp〉−1e
−jωt + 〈ILp〉1ejωt

ILs (t) ≈ 〈ILs〉−1e
−jωt + 〈ILs〉1ejωt

UC2 (t) ≈ 〈UC2〉−1e
−jωt + 〈UC2〉1ejωt

UCF (t) ≈ 〈UCF〉0.

(30)

The –1 and +1 order Fourier series coefficients are conjugate
and symmetric. Therefore, we only need to solve the real and
imaginary parts of the +1 order Fourier series coefficient. Then,
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the real and imaginary parts of the –1 order Fourier series can
be obtained, and the circuit variable can be restored using (30).

Let ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

〈IL1〉0 = x1, 〈IL1〉1 = x2 + jx3

〈IL2〉0 = x4, 〈IL2〉1 = x5 + jx6

〈UCin〉0 = x7, 〈UCin〉1 = x8 + jx9

〈UC1〉1 = x10 + jx11

〈ILp〉1 = x12 + jx13

〈ILs〉1 = x14 + jx15

〈UC2〉1 = x16 + jx17

〈UCF〉0 = x18.

(31)

The generalized state variables can be obtained as follows:

x (t) = [x1, x2, . . . , x18]
T . (32)

The product in (22) can be decoupled using the convolution
property of Fourier series. Based on the differential and linear
properties of the Fourier series, the differential equations of the
system can be simplified as{

ẋ (t) = Ax (t)+Bu (t)
y (t) = Cx (t)+Du (t)

(33)

where u(t) = [Uin] is the input voltage of the system, and y(t) =
[UO] = [UCF] is the output voltage of the system. A is a 18×18
matrix given in Appendix A. B, C, and D are shown in (34),
(35), and (36), respectively. Zm×n denotes an m×n zero matrix.

B =
[

1
L1

1
L1

0 1
L2

1
L2

Z1×15

]T
1×18

(34)

C =
[
Z1×17 1

]
1×18

(35)

D = [0] . (36)

The state variables in (33) do not change with time in steady
state. Hence, their derivatives are 0, i.e., the left side of the
equation is 0. Then, the steady-state solution of the system can
be obtained {

Xss = −A−1BUss

Yss = CXss+DUss.
(37)

Add a small disturbance to the state variables and input
variable, i.e., ⎧⎪⎪⎨

⎪⎪⎩

xi = Xi,ss + x̂i (i = 1, 2, . . . 18)
Uin = Uin,ss + ûin

y = Yss + ŷ

D = Dss + d̂.

(38)

Substituting (38) into (33) and ignoring the steady-state vari-
ables and second-order small signal variables, the small signal
model is finally acquired{

˙̂x (t)= Ax̂ (t)+Bû (t)+Ed̂ (t)
ŷ (t)= Cx̂ (t)+Dû (t) .

(39)

The full expressions of E are given in Appendix B. In order to
calculate the small signal transfer function from the duty cycle
D to the output voltage UO, it is assumed that the input voltage
does not fluctuate, i.e.,

ûin(t) = 0. (40)

Fig. 19. Block diagram of the proposed closed-loop control system.

Fig. 20. Bode diagrams of G′
0(s), G′

0(s)G3P3Z(s), and G′
0(s)Gc(s).

Then, the small signal transfer function of the system can be
deduced as follows:

Gp (s) =
ÛO

d̂
= C(sI−A)−1E. (41)

B. Design of the Closed-Loop Controller

Fig. 19 shows the block diagram of the proposed closed loop
control system, where Gc(s), GM(s), Gp(s), Gdelay(s), and H(s)
are the transfer functions of the compensator, PWM modula-
tor, WPT system, wireless communication delay, and voltage
sampling, respectively.

The gain function of the uncompensated system is

G0(s) = GM(s)Gp(s)Gdelay(s)H(s). (42)

The maximum delay of the wireless communication module
(Bluetooth in this article) is 10 ms. Hence, Gdelay(s) can be
expressed as follows:

Gdelay (s) = e−0.01s. (43)

The Bode diagram of G0(s) has 17 poles and 15 zeros. It is
too complicated to be analyzed and most poles and zeros have
little impact on the closed loop control. Hence, a simplified gain
function G′

0(s) is derived where only the dominant poles and
zeros are preserved and the other poles and zeros are removed.
When the transmitter and receiver are aligned (the coupling
coefficient equals 0.112), the expression of G′

0(s) is given by
(44), based on which the Bode diagram is plotted and shown in



3904 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 4, APRIL 2021

Fig. 20

G0
′ (s) =

1.234× (
1

27729s+ 1
)× e−0.01s(

1
247.19s+ 1

)× (
1

3508.72
s2 + 5.37× 10−8s+ 1

) .
(44)

From Fig. 20, the phase margin of the uncompensated system
is 26°, less than 30°. Besides, the low-frequency gain of the
system is low, indicating a relatively large steady-state error.
Hence, the system must be compensated. Considering the com-
munication delay, the sheared frequency should be quite low
to obtain sufficient phase margin. Three-pole and three-zero
(3P3Z) compensator is finally selected, and the gain function
of the compensated system is given by (45)

G3P3Z (s) =
55× (

1
247.19s+ 1

)× (
1

1754s+ 1
)2

s× (
1

27729s+ 1
)× (

1
85×103π

s+ 1
) . (45)

The Bode diagram of the system after adding G3P3Z(s) is also
plotted in Fig. 20. The amplitude-frequency curve crosses the
0 dB line twice near 3508.7 rad/s, which could affect the stability
of the system. Hence, a band-stop filter is added at this angular
frequency. The transfer function of the band-stop filter is given
by (46)

GBSF (s) =
s2 + 3508.72

s2 + 3508.7s+ 3508.72
. (46)

According to the previous analysis, the compensator Gc(s)
consists of two parts—the 3P3Z compensator G3P3Z(s), and the
band-stop filter GBSF(s). Hence,

Gc (s) = G3P3Z (s)GBSF (s) . (47)

In order to conveniently see the changes of the Bode diagrams
with and without the band-stop filter, the Bode diagram of the
system after adding Gc(s) is shown in Fig. 20 as well. The
phase margin is 54.4° and the sheared frequency is 68 rad/s.
The low-frequency gain of the system is significantly increased,
reducing the steady-state error. The amplitude-frequency curve
crosses the 0 dB line with a slope of –20 dB/dec. The stability
of the system is improved. In addition, it decreases at a slope
of –40 dB/dec in the high-frequency band. Hence, the high-
frequency ripple can be signicantly suppressed.

When the receiver deviates from the aligned position to the
maximum misaligned position (the coupling coefficient de-
creases from 0.112 to 0.081), the phase margin decreases from
54.4° to 40.5°, while the sheared frequency increases from 68
to 94.1 rad/s. The other characteristics of the system are similar
to those under the aligned case. Hence, the proposed system can
run stably in the whole operation area.

Based on (45) to (47), the differential algorithm of the digital
compensator can be obtained using the bilinear transformation

TABLE III
KEY REQUIREMENTS OF THE PROTOTYPE

Fig. 21. Prototype for electric vehicle wireless charging.

method

uc (k) = 3.46uc (k − 1)− 4.23uc (k − 2)+1.94uc (k − 3)
− 0.01uc (k − 4)− 0.15uc (k − 5) + 179.38e (k)
− 888.73e (k − 1) + 1761.56e (k − 2)
− 1746.07e (k − 3) + 865.48e (k − 4)
− 171.62e (k − 5)

(48)
where uc(k) is the output voltage of the compensator at the
instant of kth sampling, and e(k) represents the error between
the sampling voltage and reference, also at the instant of the kth
sampling.

V. SYSTEM DESIGN AND EXPERIMENT VERIFICATION

A prototype was built to verify the correctness of the theoret-
ical analysis and the advantages of the proposed EVWCS. The
key requirements of the prototype are listed in Table III. The
numbers of turns of the transmitter and receiver are 40 and 20,
respectively, and the specification of the employed Litz wire is
Ф0.1 mm × 500.

Fig. 21 shows the prototype comprised of ten modules as
follows:

1) a dc voltage source for the power circuit;
2) a dc voltage source for the driver and controller;
3) a boost inverter;
4) a primary compensation capacitor;
5) a transmitter;
6) a receiver;
7) a secondary compensation capacitor;
8) a full-bridge rectifier and a sampling circuit;
9) a resistive load;
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TABLE IV
KEY PARAMETERS UTILIZED IN THE PROTOTYPE

Fig. 22. Voltages and currents across each power stage of the prototype in
aligned case.

10) two bluetooth modules surrounded by yellow dashed
circles.

The key parameters utilized in the prototype are listed in
Table IV.

The voltages and currents across each power stage of the pro-
totype in aligned case are shown in Fig. 22. The output voltage
UO is 100 V, exactly equal to the designed value. The input
and output power are 555 and 500 W, respectively, indicating
a power transfer efficiency (PTE) of 90.1%. From Fig. 22(b),
the dead time is 0.37 μs. Hence, θdead is 0.03146π and the duty
cycle is 0.5157. UCin is boosted to 206 V.

The prototype was also tested when ΔX = 200 mm and ΔY
= 100 mm. The voltage and current waveforms in these two
cases are similar to those shown in Fig. 22. For the sake of
brevity, they are not shown here. The measured UO are 99.8 and
100 V in these two cases, respectively, which are very close to or
exactly equal to the designed value, validating the effectiveness
of the closed-loop control. Owing to the drops of the coupling
coefficients, the PTEs in these two cases decrease to 86.2%
and 87.0%, respectively. This can be qualitatively explained as
follows. In terms of (5) and (12), UAB1 should decrease to keep
UO constant when k is decreased. The decrease of UAB1 results

Fig. 23. Dynamic response of the prototype under aligned case.

Fig. 24. Plots of the output voltages and PTEs versus (a) X- and (b) Y-direction
misalignment.

in a larger current flowing through C1 and LP and more loss.
The duty cycles in the aforementioned two cases are 0.4728 and
0.4715, and UCin are boosted into 185 and 183 V, respectively.

Fig. 23 shows the dynamic response of the prototype when
Uin increases from 90 to 120 V under aligned case. The setting
time is 62 ms. The dynamic performance of the prototype is
quite good because many inductors and capacitors exist in the
system. This experiment further verifies the effectiveness of the
closed-loop control.

Fig. 24 shows the plots of output voltages and PTEs versus
misalignments in both X and Y directions. In the whole operating
area, the output voltage is stable which only fluctuates by 0.2%.
The accuracy of the closed-loop control is demonstrated. PTE
decreases when X- and Y-direction misalignments are increased.
However, the minimum PTE is as high as 86.2% even if the
X-direction misalignment is 200 mm. More importantly, such
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Fig. 25. Loss distribution of the prototype in aligned case.

efficiency is achieved in the case that the employed ferrite is
reduced by 41% and the power transfer distance is as long as
170 mm.

The loss distribution of the prototype in aligned case is shown
in Fig. 25. The transmitter loss is the highest among all losses.
This agrees well with the analysis in Section II-C and verifies the
advantages of using a boost inverter in an EVWCS. The receiver
loss ranks the second place among all losses because of relatively
large current and ESR. The diode loss accounts for 16.4% of the
total loss. Synchronous rectification will be employed to reduce
the diode loss. The loss of L1 and L2 are quite small. Hence, the
introduction of these two inductors will not significantly reduce
system efficiency.

VI. CONCLUSION

This article proposes an EVWCS using a BI and an optimized
FSC. The BI has three advantages than the conventional FBI.
First, it results in a higher dc bus voltage and lower transmitter
current. Hence, the power loss is reduced. Next, the interleaved
structure of a BI effectively reduces the input current ripple. The
interference from the EVWCS to the power grid is diminished.
Third, the BI has wider adjustment range than the FBI, which
means a larger parameter variation range is allowed. The system
using BI offers greater operating freedom. This article also
proposes a parameter design method for FSCs. Double-I-shaped
core performs best providing that the removed ferrite is constant.
Separation of the windings can further increase the coupling
coefficient. A 500-W prototype was built. The variation of the
output voltage is no more than 0.2 V in the whole operating
area. A highest PTE of 90.1% is achieved even if the ferrite is
removed by 41% and the power transfer distance is 170 mm.

APPENDIX A

The coefficient matrix A is divided into 36 three-row–three-
column submatrices. The nonzero submatrices are given as
follows, where Δ = M2 − LpLs:

A =

⎡
⎢⎢⎢⎢⎢⎢⎣

A11 Z3×3 A13 Z3×3 Z3×3 Z3×3

Z3×3 A22 A23 Z3×3 Z3×3 Z3×3

A31 A32 A33 A34 A35 Z3×3

Z3×3 Z3×3 A43 A44 A45 A46

Z3×3 Z3×3 A53 A54 A55 A56

Z3×3 Z3×3 Z3×3 Z3×3 A65 A66

⎤
⎥⎥⎥⎥⎥⎥⎦

A11 = A22 = A33 = A55 =

⎡
⎣ 0 0 0
0 0 ω
0 −ω 0

⎤
⎦

A13 =

⎡
⎢⎣

D−1
L1

sin 2πD
L1π

1−cos2πD
L1π

sin 2πD
2L1π

D−1
L1

0
1−cos2πD

2L1π
0 D−1

L1

⎤
⎥⎦

A23 =

⎡
⎢⎣

D−1
L2

− sin 2πD
L2π

cos2πD−1
L2π

− sin 2πD
2L2π

D−1
L2

0
cos2πD−1

2L2π
0 D−1

L2

⎤
⎥⎦

A31 =

⎡
⎢⎣

1−D
Cin

− sin 2πD
Cinπ

cos2πD−1
Cinπ

− sin 2πD
2Cinπ

1−D
Cin

0
cos2πD−1

2Cinπ
0 1−D

Cin

⎤
⎥⎦

A32 =

⎡
⎢⎣

1−D
Cin

sin 2πD
Cinπ

1−cos2πD
Cinπ

sin 2πD
2Cinπ

1−D
Cin

0
1−cos2πD

2Cinπ
0 1−D

Cin

⎤
⎥⎦

A34 =

⎡
⎣ 0 0 2 sin 2πD/(Cinπ)
0 0 0
0 0 0

⎤
⎦

A35 =

⎡
⎣ 2 (1− cos2πD)/(Cinπ) 0 0

0 0 0
0 0 0

⎤
⎦

A43 =

⎡
⎣ 0 0 0

0 0 0
Ls sin 2πD/(πΔ) 0 0

⎤
⎦

A44 =

⎡
⎣ 0 ω 1/C1

−ω 0 0
Ls/Δ 0 0

⎤
⎦

A45 =

⎡
⎣ 0 0 0
1/C1 0 0
ω 0 0

⎤
⎦ , A46 =

⎡
⎣ 0 0 0

0 0 0
M/Δ 0 2M/(πΔ)

⎤
⎦

A53 =

⎡
⎣Ls(1− cos 2πD)/(πΔ) 0 0

M sin 2πD/(πΔ) 0 0
M(1− cos 2πD)/(πΔ) 0 0

⎤
⎦

A54 =

⎡
⎣ 0 Ls/Δ −ω
M/Δ 0 0
0 M/Δ 0

⎤
⎦

A56 =

⎡
⎣ 0 M/Δ 0
Lp/Δ 0 2Lp/(πΔ)

0 Lp/Δ 0

⎤
⎦

A65 =

⎡
⎣ 0 1/C2 0
0 0 1/C2

0 4/(πCF) 0

⎤
⎦

A66 =

⎡
⎣ 0 ω 0
−ω 0 0
0 0 −1/(CFR)

⎤
⎦ .
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APPENDIX B

E=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

X7,ss

L1
+ 2 cos 2πD

L1
X8,ss +

2 sin 2πD
L1

X9,ss

cos 2πD
L1

X7,ss +
X8,ss

L1
sin 2πD

L1
X7,ss +

X9,ss

L1
X7,ss

L2
− 2 cos 2πD

L2
X8,ss +

2 sin 2πD
L2

X9,ss

− cos 2πD
L2

X7,ss +
X8,ss

L2− sin 2πD
L2

X7,ss +
X9,ss

L2⎛
⎜⎝

−X1,ss

Cin
− 2 cos 2πD

Cin
X2,ss − 2 sin 2πD

Cin
X3,ss−

X4,ss

Cin
+ 2 cos 2πD

Cin
X5,ss +

2 sin 2πD
Cin

X6,ss+
4 cos 2πD

Cin
X12,ss − 4 sin 2πD

Cin
X13,ss

⎞
⎟⎠

− cos 2πD
Cin

X1,ss − X2,ss

Cin
+ cos 2πD

Cin
X4,ss − X5,ss

Cin− sin 2πD
Cin

X1,ss − X3,ss

Cin
+ sin 2πD

Cin
X4,ss − X6,ss

Cin

Z2×1
2Ls cos 2πD

Δ X7,ss
2Ls sin 2πD

Δ X7,ss
2M cos 2πD

Δ X7,ss
2M sin 2πD

Δ X7,ss

Z3×1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
18×1

.
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