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ABSTRACT A wireless power transfer (WPT) system with bidirectional power flow control for charging
batteries and drawing electric power from batteries is presented in this paper for e-bike sharing applications.
The proposed WPT consists of a bidirectional DC-DC converter and a sandwiched coil set, which includes
primary winding with ferrite pad in charging stations and a movable secondary coil without ferrite pad, which
is inserted into the primary coils to receive or transmit energy, on the e-bike. Hence, the proposed coil set
could provide high coupling factor, better tolerance of misalignment, and a compact size that enables easy
installation in the current mechanism of bike-sharing systems. The Maxwell 3D is adopted to design coil
sets, which are based on the known resistance of Litz wire, and the effect of the ferrite pad and misalignment
are analyzed to achieve good performance. To select a suitable converter, the characteristics of predesigned
coils are simulated using Maxwell 3D, MATLAB and PSIM. Then, a full-bridge CLLC converter with the
same resonant frequency for charging and discharging modes is chosen to provide minimal loss by using
the synchronous rectifier on the 48-V side and voltage gain without the loading effect. Finally, a digital
signal processor-based digitally controlled CLLC converter is constructed to verify the performance of the
proposed WPT, which can provide 200 to 48 V/500 W charging and discharging functions with constant
current/constant voltage modes and fast-response current control. In addition, the maximum efficiency is

96% at 52 V and 75% rated load in charging mode.

INDEX TERMS Wireless power transfer (WPT), bidirectional DC-DC converter, e-bike sharing applica-

tions, sandwich coil, Maxwell 3D, full-bridge CLLC converter.

I. INTRODUCTION

Because of traffic congestion and to reduce CO; emissions,
pedal electric bicycles (Pedelecs) are increasingly becom-
ing popular in Europe recently. Germany has 30 million
commuters, and many of them travel less than 10 km to
work [1]. Hence, pedelecs benefit commuters by being good
for the environment, stress free, fast, and flexible in traf-
fic jams, as well as by promoting commuters’ health [2].
In 2018, the estimated sales volume of electric bikes (e-bikes)
neared 2.6 million units [3]. Moreover, e-bikes consume the
least amount of CO, per mile, from 2.6 to 5.0 g according
to the energy source of charging stations, compared with

The associate editor coordinating the review of this manuscript and

approving it for publication was Narsa T. Reddy

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

75 g for electric cars and 136 g for scooters [4]. Traditional
bike-sharing systems are widely used for urban transport
worldwide [4]-[7] and provide many advantages including
decreased vehicle emissions and time saved from traffic con-
gestion. More than 36,000 shared bikes and 840 stations [8]
are in operation in the Taipei metropolitan area, and they
are known as YouBikes, as displayed in Fig. 1(a). However,
high temperatures in summer and traveling up hills may make
users uncomfortable on pedal bikes powered manually.
E-bikes provide many advantages over conventional bikes
because they move from battery power to assist human
pedaling. Fig. 1(b) illustrates the Citi Bike in New York
City, which provides pedal-assisted e-bikes with a speed
up to 18 mph [9] and can effectively reduce commuting
times and is friendly for elderly people [10]. To promote
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FIGURE 1. Bike-sharing system: (a) YouBike in Taiwan [8]; (b) electric Citi
Bike in New York City [9].

e-bikes for commuting and traveling in urban areas, the e-bike
sharing system is proposed to overcome obstacles includ-
ing high costs from e-bike purchases, maintenance, repairs,
and charging e-bike batteries. However, charging the battery
is a key problem of the e-bike sharing system. Therefore,
inductive charging or wireless power transfer technologies
were adopted [11], [12], which provide many advantages over
conductive charging [12]-[14], some of which are as follows:

(1) Better safety while charging on rainy days and nights.

(i1) Better reliability and longer life cycle of the charging
mechanism.

(iii) Addresses the tendency to forget to charge the battery
after parking the e-bike.

The inductive charging system can be divided into loosely
and tightly coupled structure according to the air gap between
primary and secondary coils [13]. For electric vehicle (EV)
applications, a loosely coupled structure may reduce the cou-
pling factor and increase the effect of misalignment because
of the larger air gap. Hence, many technologies improved
the performance of loosely coupled inductive charging for
EVs [15]-[18]. Moreover, heavy shielding materials are
required because of large magnetic field leakage, which
may also increase power loss and costs [19], [20]. Another
type of inductive charging for EVs is a tightly coupled
structure, which can improve system efficiency and reduce
magnetic field leakage. General Motors proposed a tightly
coupled inductive charger with an ultra-compact transformer
for EVs, which can provide 120-kW charging power. The
core was essentially an E-E, with a round center leg [21].
Researchers [22] proposed an EV charging system with a
universal inductive interface. The design concept is based
on a coaxial winding transformer and involves placing the
core material of transformers outside vehicles. In [23], a new
tightly coupled handheld resonant magnetic field (HH-RMF)
charger operating at 20 kHz with a low electromagnetic field
and high efficiency was proposed. An effective sandwich
WPT presented in [24], which was used to recharge the
battery of micro medical robots, provided 5 W for a cardiac
pacemaker and exhibited 88% efficiency.

The application scenario of proposed bidirectional wire-
less charging system is presented in Fig. 2. The power grid
provides the main power to DC-bus through an AC-DC
converter. Since, the power management scenarios of e-bike
sharing system are quite complex, this paper focuses on
the design of bidirectional CLLC converter and sandwich

110004

coil design. Moreover, the proposed WPT involving the sand-
wich structure displayed in Fig. 3 provides the following

benefits:
Wireless power transfer |
DC-DC (CLLC) converter
9 @ ;
| | E-bike sharing = [Va 5
management V) = ASEV ‘

] g unit

pu— W] —1
Power - DC-Bus Proposed WPT with sandwich coil
grid Nalie

AC-DC converter

Charging station E-bikes
Proposed WPT with sandwich coil

Proposed WPT with sandwich coil

FIGURE 2. Application scenario of the proposed bidirectional WPT for
e-bike sharing system.
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FIGURE 3. Proposed sandwich WPT in the e-bike sharing system:
(a) installed position of primary and secondary coils; (b) exploded view.

(i) Compact size and coreless secondary coil to provide
good reliability and light weight.

(i1) High coupling factor and better tolerance of misalign-
ment between primary and secondary coils to enhance effi-
ciency and keep the parameters variation small for good
control.

(iii) Less flux leakage from the ferrite pad and aluminum
case to reduce electromagnetic interference (EMI).

This paper derives the design procedure by using simulated
software for self-inductance, coupling factor, misalignment
effects, and voltage gain in advance for the converter design
to reach needed functions with higher efficiency.

Il. SYSTEM SPECIFICATIONS AND CONFIGURATION
The design baseline of WPT is used for the lock mechanism
of the YouBike system [6] shown in Fig. 3(a). Primary and
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TABLE 1. Specifications of the proposed WPT.

Parameter Value
Rated power (W) 500
High side voltage(V) 200
Nominal battery voltage(V) 48
Battery operating voltage(V) 45-52
Maximum charging current(A) 10.5
Resonant frequency(kHz) 110
Air gap(mm) 5/5
Primary winding area(mm?) 100 x 100
Secondary winding area(mm?) 60 x 60
Aluminum outer case area(mm?) 115 x 115

secondary coils are installed in the lock part of the parking
post and bike, respectively. The lock mechanism area in the
parking post is 115 mm x 115 mm. Fig. 3(b) presents the
exploded view of primary and secondary coils. The primary
coil is constructed from a gap between two coils, where both
coils have an identical structure including a spiral winding
of Litz wire, wire tray, ferrite pad, and FR4 insulation layer.
The two windings are connected in series. Finally, the primary
coil is placed inside an aluminum case fixed to the parking
post. The secondary coil without ferrite cores consists of a
spiral winding of Litz wire and a nonmetal outer case. The
specifications of the proposed WPT system used to charge
the 48-V Li-ion battery are listed in Table 1. The maximum
charging and discharging current are set as 1 C-rated, and
the air gap between primary and secondary winding on both
side are 5 mm. To prolong the battery life cycle, the operation
voltage of the battery is set from 45 V to 52 V [25].

Electrical specifications Calculate the primary and secondary
(Pv, Ve Voo In, ) resonant capacitors

Converter design
(Full-bridge and half bridge analysis)

Mechanical specifications
(Air gap, Coils size, Aluminum case size)

Influence of electrical parameters
variations on charging characteristics
i ( Misalignment )

Fen!Fe pads analysis and estimated Control strategies and
electrical parameters by Maxwell 3D . .
system implementation
(LyLs k) L

Experiment and verification

Coils and Litz wire selections
(Minimal copper loss)

Fine-tuning the coil turns to match | |
the voltage ratio

FIGURE 4. Proposed design process of the wireless charging system.

Ill. DESIGN OF THE PROPOSED WPT SYSTEM

Fig. 4 presents the design procedure of the proposed
WPT system, which includes the primary/secondary coil
set according to needed specifications and the converter for
yielding the bidirectional power flow control. First, the turns
of coils and the characteristics of the Litz wire are determined
from the minimal copper losses of coils and power switches.
Then, Maxwell 3D is adopted to design ferrite pads to yield
suitable electrical parameters for the converter and analyze
the magnetic shielding effect of the aluminum case. Finally,
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an active full-bridge circuit (FB-FB) is selected for the con-
verter, and the effect of the electrical parameters variation
on the charging voltage are discussed. Coupling factor k,
primary self-inductance L,, secondary self-inductance Ly,
and the high-frequency AC resistance of coils that use Litz
wires are the key parameters of WPT, which considerably
affect system efficiency and the voltage operation range [13],
[18], [26]-[28]. The main purpose of the proposed design
rule is to optimize system efficiency by maximizing self-
inductance and coupling factor under limitations from the
voltage ratio, output-rated current, and the available area of
coils and ferrite pads. To match the current mechanism and
reduce the manufacturing cost, this paper uses circular spiral
winding as primary and secondary coils, and the circular
structure provides uniform flux distribution compared with
the rectangular structure [29].

A. COILS AND LITZ WIRE SELECTIONS

To enhance efficiency, the coils of the proposed WPT com-
prise multiple strands Litz wire to reduce high-frequency AC
resistance yielded by the skin effect. Hence, AC resistance is
mainly determined by the total length of coil and the diameter
of both strand and Litz wire. If the coupling factor and space
limitation are the same, the larger diameter of Litz wire
provides lower AC resistance. However, the available turns of
coils are lower than that of Litz wire with a smaller diameter,
which may reduce mutual inductance. Hence, the efficiency
of coils with larger diameters of Litz wires is decreased due
to increased magnetizing current. A study designing high
quality factor coils to minimize copper loss with the same
inductance by using Litz wire with a larger diameter was
proposed in [30]. However, number of turns are reduced to
decrease inductance under the limited coil area, which may
have increased loss.

In this section, the selected procedure with Litz wires
based on minimal copper loss is conducted to determine the
diameter and match the area limitation. The Maxwell 3D and
impedance analyzer are adopted to estimate inductances of
Litz wire and coupling factor. Copper losses are calculated
by (1), (2) with related current from simulated results of
PSIM. Fig. 5 presents the equivalent circuits of the proposed
WPT under charging and discharging modes, where a full-
bridge CLLC converter is adopted.

The copper loss of the coils in charging mode (P.j,_oss) and
discharging mode (Pgis _1oss) can be derived as follows:

Pei_loss(3) = ir,(rms) x R, + iz(rms) x Ry~ (1)
Puis_joss(3) = izs(rms) X Ry + ilzj(rms) X Rp 2)

where

irp(= iLmp + ip) : primary resonant current in charging
mode.

irs(= iLms +15) : secondary resonant current in discharging
mode.

Rp, Ry: primary and secondary winding resistance,
respectively.
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FIGURE 5. Equivalent circuits of the proposed WPT: (a) charging mode;
(b) discharging mode.

iLms> iLmp: Magnetizing current on primary and secondary
side, respectively.

ip, is: primary and secondary current, respectively.

Three diameters of Litz wires are compared under the
following limitations and assumptions:

(i) The primary and secondary winding areas are near
100 mm x 100 mm and 60 mm x 60 mm, respectively,
and simulated specifications depend on Table 1 with the
maximum battery current of 10.5 A.

(i) Maximum winding height is 3 mm; therefore, the max-
imum diameter of Litz wire is 3 mm.

(iii) The operating frequency of WPT is from 100 to
200 kHz, which leads the skin depth at 0.206 mm (at
100 kHz) and 0.146 mm (at 200 kHz), respectively. Hence,
the wire gauge of Litz wire strands may have been
larger than American wire gauge (AWG) 36 to reduce the
skin effect. Litz wires contain AWG 44 (0.051 mm)/800
strands, AWG 38 (0.102 mm)/280 strands, and AWG 44
(0.051 mm)/1600 strands for comparison, respectively.

(iv) Because the simulated model of multi-strand Litz wires
with different twisting methods are too complicated to yield
accurate results by using Maxwell 3D [31], [32], the AC resis-
tance of Litz wires are directly measured using the impedance
analyzer WK6500B to determine the unit length resistance to
calculate the resistance of the three Litz wires.

(v) The squared ferrite pads are added for simulation.

The simulated results of Litz wires with different diameters
are shown in Table 2, and the following results could be
determined:

(i) The Litz wire with AWG 44/800 strands provides the
largest inductance to reduce the magnetizing current. Hence,
the Litz wire with AWG 44/800 strands reaches small losses,
including from the charging and discharging modes, and
the smallest rated resonant current, which may have led to
minimal loss and stress of power switches.
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TABLE 2. Simulated results of Litz wires with different diameters for the
proposed WPT (fs = 110 kHz, V4. = 200V, Vp, = 48V).

Litz wire 2 mm 2.2 mm 3 mm
. . AWG44/800 AWG38/280 AWG44/1600
specifications strands strands strands
Primary coil
100 mm 101 mm 102 mm
Winding
diameter
Turns 23 20.5 16
L, (uH) 134.7 107 52.6
k 0.74 0.72 0.70
L,, (WH) 99.7 77.0 36.8
i,y (Arms) 4.1 4.7 8.3
Secondary coil
60 mm 61 mm 62 mm
Winding
diameter
Turns 13N 11.5N 8.5N
L, (uH) 6.75 5.22 2.79
L, (UH) 5.02 3.76 1.95
i,y (Arms) 17.7 21.5 36.9
Measurement and calculation(at 110 kHz)
R,(mQ) 112.8 86.9 41.9
R, (mQ) 207 18.7 7.4
Per_toss (W) 4.9 4.6 4.0
Puic 1oss (W) 7.4 9.3 10.4

(i1) The coupling factors of the three types of Litz wires
are nearly the same because the coil areas of the three Litz
wires are nearly the same, which is consistent with accepted
theory [33].

Based on the aforementioned simulated and calcu-
lated results, the authors select the Litz wire with AWG
44/800 strands to design primary and secondary coils.

B. INFLUENCE OF FERRITE PAD AND PAD

ALUMINUM (AL) CASE

To increase the coupling factor of the proposed WPT, ferrite
pads are added on the case side of two primary coils. Area
of ferrite pads may strongly influence the coupling factor and
self-inductance. Hence, Maxwell 3D is used to analyze and
estimate the optimal mechanical size of ferrite pads.

1) SELF INDUCTANCE AND COUPLING FACTOR WITH
DIFFERENT AREA OF FERRITE PADS

Fig. 6 shows the simulated results of the self-inductance of
primary and secondary coils versus different square ferrite
widths Wy, with 2.5 mm thickness. The variation in the
primary self-inductance is larger than that in the secondary
self-inductance with an increasing width of the ferrite pad,
as presented in Fig. 6(a). It is because the fixed air gap
of the proposed sandwich structure makes the variation in
secondary self-inductance remain small against an increasing
ferrite width. The primary self-inductance can be derived as
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FIGURE 6. Simulated results of WPT characteristics versus ferrite pad
width with 2.5 mm thickness: (a) self-inductance; (b) flux density
distribution and flux path length /e.

follows:
N? Wi
Ly = 5y = 05uN? 3)
where N is reluctance, u is permeability, N and /, are number
of turns in primary winding and the length of the flux path,
respectively.

A large width of ferrite pad may increase the length of
flux path as presented in Fig. 6(b) because the magnetizing
reluctance of ferrite is considerably smaller than that of air;
hence, we could determine tendency /, < Wp,. Then, the self-
inductance of the primary coil could be derived as follows:

Ly(Wg) = 0.5uN >k Wy, )

where ki (= %) is near constant.
The changing slope of the coupling factor presented
in Fig. 7 is slowing down when the ferrite pad width is larger

VOLUME 8, 2020

0.76 0.75 —
e B(Gauss)
150

= ] — . 141
S04 / | 131
& - 122

w -
£ -~ 113
= // 103
gon / ;:
p 5
/ s

0.70 /

FIGURE 7. Simulated results of the coupling factor versus ferrite pad
width with 2.5 mm thickness and flux density on the secondary coil.

than 80 mm. Moreover, the maximum flux density in center
of secondary coil is less than 150 gauss because of the large
air gap of WPT. This paper selects an 106-mm-wide ferrite
pad near the boundary of case, which are assembled by eight
53 mm x 53 mm square ferrite pieces with MP2106 mate-
rial [34] and 2.5 mm thickness to reduce costs, to provide
126 p1H and 6.88 uH self-inductance for primary and sec-
ondary coils, respectively. The coupling factor between pri-
mary and secondary coils is 0.75.

2) SELF INDUCTANCE AND COUPLING FACTOR WITH
DIFFERENT THICKNESS OF FERRITE PADS

The effect of ferrite pad thickness on coupling factor and
self-inductance of the proposed coils are illustrated in Fig. 8.
Wherein the maximum variation in self-inductance and cou-
pling factor are less than 1.5% when the ferrite pad thickness
is larger than 2 mm. Moreover, since only 1.1 mm and 2.5 mm
thickness are available. The 2.5 mm thickness ferrite pad is
selected, which has similar price as 1.1 mm thickness and can
provide highly mechanical strength [34].

3) EFFECTS OF ALUMINUM (AL) CASE

Because of the eddy current effect on the aluminum case,
the coupling factor and self-inductance slightly decrease,
and simulated results are illustrated in Fig. 9 and Table 3.
The effect of the Al case becomes minimized by increasing
the width of the ferrite pad. Hence, the maximum variation
of electrical parameters are less than 7% under the 106-
mm-wide ferrite pad, and the required operating frequency
could be achieved within the derived range of misalignment.
By contrast, the fringing effect of the flux density presented
in Fig. 10 is suppressed by the Al case, which may have led
to decreased EMI.

C. FINE TUNING OF VOLTAGE RATIO

The design value of the voltage ratio between primary and
secondary coils is 4.17, which is 200 V over 48 V. However,
the voltage ratio is 4.47 from Maxwell 3D according to
Table 2. To meet the voltage ratio, we could only reduce
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L, (uH) 126 118
3 50 100 150 200
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Voltage ratio 4.27 4.18 @
FIGURE 9. Simulated results of the Al case on the proposed WPT:
L, (uH) 31.2 29.5 (a) coupling factor: (b) self-inductance of primary coil; (c) self-inductance
of secondary coil; (d) voltage gain with the 106-mm-wide ferrite pad.
C,, (nF) 71
I (KHZ) 107 1o height. Hence, fine-tuning the number of turns in primary
winding is needed. Two approaches can achieve the desired
primary winding turns instead of increasing turns of sec- voltage ratio by reducing turns: from the center and from the
ondary winding due to limitations on the secondary area and outer spiral winding. Fig. 11 reveals the simulated results and
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FIGURE 10. Fringing effect of flux density with and without Al case:
(a) without Al case; (b) with Al case.

o
<8 gauss

the winding area of these approaches to be nearly the same.
Moreover, the center reduction approach may reduce the
coupling factor more than the other approach. The coupling
factor of the center reduction approach is decreased from
0.75 to 0.72 compared with outer reduction approach at the
ferrite pad width of 106 mm. Then, this paper adopts the outer
reduction approach to reach the desired voltage ratio with a
98 mm diameter of primary winding.

Outer reduction 98 mm

Lt

Center reduction

100 mm

Coupling factor k

60 70 80 90 100 106 110 120
Ferrite pad width(mm)

FIGURE 11. Simulated results of the coupling factor with the desired
voltage ratio (= 4.17) from the two tuning approaches of primary winding.

Ferrite

13 turns

; : -
60mm ' Aluminum outer case-

(b) ()

FIGURE 12. Mechanical structure and size of the proposed WPT: (a)
primary winding; (b) secondary winding; (c) ferrite pad and aluminum
case.

The mechanical structure and size of the proposed WPT
are shown in Fig. 12. The parameters are presented in Table 3,
and key points are summarized as listed:

(i) The 2-mm-diameter Litz wire with AWG 44/800 strands
is employed to make primary and secondary windings with
21.5 turns/98 mm diameter and 13 turns/60 mm diameter,
respectively, to achieve minimal losses. Moreover, the num-
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ber of turns of primary winding are fine-tuned through the
outer-reduction approach to reach the desired voltage ratio.

(i) The ferrite pads of primary winding are constructed
using eight square ferrite pieces with 53 mm width and
2.5 mm thickness to yield the maximum coupling factor under
the predetermined diameter of windings.

D. FLUX DENSITY DISTRIBUTION OF FERRITE PADS

The flux saturation of ferrite materials may have induced
parameters variation and increased loss. Because of a larger
air gap with coreless secondary coil of the proposed sand-
wich structure, the flux density distribution on ferrite pads,
as shown in Fig. 13. The maximum flux density on the ferrite
pad is less than 440 gauss under the rated magnetizing current
(peak value = 5 A), which is smaller than the saturation flux
density of ferrite materials. Hence, the design does not need
to consider the saturation effect, and the core loss may have
been smaller than copper loss.

Aluminum case

Ferrite pad:

Secondary winding------
Primary winding ----
Ferrite pads-===""|
Aluminum case-""

Aluminum outer case

Ferrite pads
>, B (Gauss)

500
. 470
440

410

(b)

FIGURE 13. Flux density distribution of the proposed sandwich coil at
rated magnetizing current: (a) between primary and secondary coils;
(b) on surface of ferrite pads.

E. CONVERTER TOPOLOGY SELECTION

There are two simple and commonly used topologies of
CLLC converter for isolated and bidirectional power flow
applications [35], [36]. The equivalent circuit of the two
topologies can be transferred to T-model in charging and
discharging modes illustrated in Fig. 14 [37].

The DC voltage gain equations of CLLC converters in
the charging mode (]GV.Charge(f )|) and discharging mode
(|Gv‘discharge(f )|) can be derived as in [35], [37] and re-
arranged:

Ved
|Gv.charge(f)| Vc_b
a
_ 1
a AN Iy 1 (Ll _ 1k _ o
n\/((1 (,-’%p)z)") +[Qp(frp)m(k(1 (,-’:7)2) k)]

&)
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FIGURE 14. Equivalent model of the fundamental harmonics method:
(a) charging mode (primary side); (b) discharging mode (secondary side).

|Gv dlschdrge(f)| Vah
_ n
\/((1—% D+ O Z 0 - e - P
(6)
where

Vab, Ved: primary and secondary ac voltage of the equivalent
circuits, respectively.

L,= n2L : self-inductance.

Ly, = (1 —k)Ly, Ly = (1 — k)Ly: primary and secondary
resonant inductance, respectively.

Crp(= %), C,s: primary and secondary resonant capaci-
tors, respectively.

— 1 N S

(= 27 x A /(A—K)L,Crp ) Jrs( 270 x/(I=K)L, Cy

and secondary resonant frequency, respectively. f,, = fs in
this design.

n=,/ i—': Gvoltage ratio.

2 . .
Racp(= % ‘I/:) Ryes(= n2n2 ‘I/dd‘) Gequivalent resistance

of charging and discharging modes, respectively.

): Gprimary

Op(= ﬁ,/L—Z), Qs(= Rim‘/lé_:i): Gquality factor of
charg1n§ and discharging modes, respectively.
k=7% L”“ : Geoupling factor.
It the Converter is ideal, we can derive the following:
Qp = Qs @)
‘Gv.discharge(f)| = n2 ‘Gv.charge(f)| (®)

Hence, the proposed WPT will provide the same charac-
teristic of voltage gain in charging and discharging mode
according to (10) to simply the controller design. It means
that one can design the controller in charging mode to use
that in discharging mode.

A comparison of the characteristics of converter topologies
with the same parameters in sandwich coils and the aluminum
case are shown in Table 4, and simulated conditions depend
on having a DC-bus voltage of 200 V, a battery voltage
of 48 V, battery current of 10.5 A for charging and discharging
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modes, and switching frequency of 110 kHz. The param-
eters of primary and secondary coils are extracted using
the Maxwell 3D, and the on-state resistance of high-voltage
side and low-voltage side MOSFET are R0,z and Ryson.L,
respectively.

From comparison results listed in Table 4, we can summa-
rize the following:

(i) The efficiency of HB—HB structure is lower at rated load
condition because the resonant current is larger than that in
the FB—FB structure in both charging and discharging modes.

(i1) The quality factor of HB—HB structure is higher com-
pared with FB-FB because of the higher equivalent AC resis-
tance [35], which resulted in a large slope change of the
voltage gain curve at the heavy load, as displayed in Fig. 15.

60
— FB-FB rated load (0,=0.33)
""" FB-FB light load (Q,=0.03)

N —— HB-HB rated load (0,=1.32)

55 NS SNSRI e HB-HB light load(Q,=0.12)

g 100 110 120 130
Frequency (kHz)

FIGURE 15. Voltage gain curve of FB-FB and HB-HB structure.

(iii) The HB-HB structure uses only four MOSFETSs; how-
ever, the current rating is two times larger than that of the
FB-FB structure, which increases current stress on MOSFETSs
and resonant capacitors.

(iv) Total conduction loss of the m pieces MOSFET on high
voltage side and low voltage side are calculated as follow:

2
Pioss, MoSFET = m X lMOSFET(rmS)Rdson 9

Primary coil

Secondary coil
o

p=os  <350%load ! >= 50% load

S,,,Sp4 ON | OFF | ON | OFF | ON | OFF | ON | OFF OFF
>t
t

T, I

| £
A zSpJ OFF W\ OFF ’O—N‘ OFF W‘ OFF W OFF
: D=05 >t
SS,SSJ OFF ! OFF @ OFF m m OFFWOFF .
| >t
gzsng OFF | W OFF @ OFF  OFF | ON | OFF | ON

>t
{€—— Charging Mode — >« Discharging Mode 5 =~

FIGURE 16. Full-bridge circuit (FB-FB) and switching control signals of the
proposed WPT.
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TABLE 4. Bidirectional CLLC topology comparison [35], [36].

Topology FB-FB UB-OB
Voltage ratio ] _
of coils (n : 1) 4171 4.17:1
R, (m€2) 112.8
R, (mQ) 20.7 | 20.7
Charging Mode
irp (Arms) 428 5.81
i; (Arms) 11.7 233
chilm W) 49 15.0
High voltage side
MOSFET loss(W) 37Rdson 1 34R ssonnt
Low voltage side
MOSFET loss(W) 274R gon.L 543 R yson .
Discharging Mode
irs (Arms) 18.0 244
ip (Arms) 2.8 5.6
Piis_toss (W) 7.6 15.9
High voltage side
MOSFET loss(W) | | ORaon 31Raonn
Low voltage side
MOSFET loss(W) 648R gson.L. 595R oo L.

Depending on this analysis and the proposed charging spec-
ifications, this paper selects the FB-FB structure to achieve
higher efficiency, and the switching control signals are illus-
trated in Fig. 16. The frequency control is adopted for
Sp1-Sps in charging mode and Sg;1-Sg4 in discharging mode.
The synchronous rectifier (SR) control are only implemented
for S¢1-Ss4 under heavy load conditions in charging mode
since the high voltage side current is smaller in discharging
mode. Wherein, the primary and secondary resonant capaci-
tors (Cyp, Cyy) are set as 71 nF and 1.234 uF respectively to
reach the same resonant frequency (= 110 kHz).

F. EFFECTS OF MISALIGNMENT BETWEEN PRIMARY AND

SECONDARY COILS

Misalignment is an inherent problem for WPT in vehicle
applications and may cause variations in self-inductance and
the coupling factor to change the voltage gain near the oper-
ating frequency. Hence, improving misalignment tolerance
by using a magnetic and/or controller design is a key design
problem of WPT. The maximum misalignment distance for
this analysis are =10 mm and +2 mm for the X/Y and
Z-axis, respectively. All the simulated results of misalign-
ment are determined using Maxwell 3D.

The effect of misalignment, including the X-, Y-, and Z-
axis, on self-inductance and the coupling factor are displayed
in Fig. 17. Simulated results are briefly described as follows:

(1) The coupling factor and self-inductance of primary coil
remain at the same value under Z-axis misalignment because
the position of the coreless secondary coil does not affect
primary winding, which are shown in Fig 17(a) and Fig 17(b),
respectively.

(i1) Because of the spiral-type coil, the effect of X-axis
and Y -axis misalignment on self-inductance and the coupling
factor are the same. In this case, the coupling factor decreases
from 0.75 to 0.69 when misalignment is from 0 to £ 10 mm.
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0.85+ v
Z
—
X - ->+X)
0.80 =
-z
< Z-axis misalignment
=
§ 0.75
=
£
E
S 0.70 X-axis misalignment
0.65
060 asT T s TTos T Tr 15 2
-10 -7.5 -5 -2.5 0 2.5 5 7.5 10
Z, X axis misalignment (mm)
(a)
1301
1251
1201 Z-axis mi‘s(alignment
=
z 115 X-axis misalignment
5
110p
105u
100y
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-10 -15 -5 -2.5 0 2.5 5 7.5 10
Z, X axis misalignment (mm)
(b)
7.50p
7.251
7.00pn

Z-axis misalignment

(H)

~
X-axis misalignment
6.50p
6.25
6.00)
Il-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
-10 -1.5 -5 =25 0 25 5 715 10
Z, X axis misalignment (mm)
(c)

FIGURE 17. The influence of Z-axis and XY-axes misalignment on: (a)
coupling factor; (b) primary self-inductance; (c) secondary self-
inductance.

(iii) The maximum variation in self-inductance is less than
1% of the full alignment.

Because of the same resonant frequency both sides and the
operating frequency being close to the resonant frequency,
the voltage gain is near independent with loaded conditions.
Moreover, the required charging voltage from 45 V to 52 V
under worst-case misalignment, as illustrated in Fig. 18,
could be reached by adjusting the operating frequency from
123 kHz to 90 kHz, respectively, at the rated load.

G. CONTROL METHODOLOGY

The function block diagram of the proposed WPT control
scheme is illustrated in Fig. 19. The mode selection switch,
SW, is adopted to let the battery be operated in charging
or discharging mode. The control methodology is briefly
described as follows:
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S 60 % Without misalignment
T
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3 Operation area
N R Ak s R S «52v
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5
%’ ‘With misalignment
& (X/¥ axis @+-10mm)
40 ‘With misalignment
(Z-axis @ +/-2mm)
3
%0 90 100 110 120 130 140
Operation frequency (kHz)
(a)
70
0,=0.03
9 60 Without misalignment
z \
4
S Operation area
L e e D b 50V
250 5
i ————————————— 48V
7 T Y A . — 45V
g With misalignment T—
A 40 | XY axis +10mm, -10mm) _ \wieh misalignment
(Z-axis +2mm, -2mm)
3%0 90 100 110 120 130 40
Operation frequency (kHz)
(b)

FIGURE 18. Simulated charging voltage under the worst-case of
misalignment: (a) rated load; (b) 10% rated load.

Sp1sSp2 - Ss1, S
A Current Sp3,Sp4 Se3, Ssa

limiter

PWM

“| generator

Synchronous

Discharging current . | rectifier

command Discharging
mode

DSP-Based Controller

FIGURE 19. Control function block of the proposed WPT.

V=52V
V=48V
V=45V ——

7 ,,:Il()A

At
\ Z ||

05T, ‘ DTy~ Vg (SR) — Zus

Ves (prim{yﬁ::

FIGURE 20. Simulated results of secondary current is and proposed SR
with different operation voltage and loaded conditions.

1) CHARGING MODE

The controller, which connects a voltage controller with a
current limiter to a current controller, provides constant volt-
age (CV) and constant current (CC) modes for charging the
battery. The CC command is set by the current limited value.
The SR control are implemented to reduce conduction loss
with fixed duty cycle Dgr for secondary MOSFEFs with-
out phase shift under different battery voltage and loaded
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conditions, which are based on simulated results of PSIM
shown in Fig. 20 to simplify the complex phase shift con-
trol [38]. Wherein, Dgg, is set as 0.28 to reduce 65% conduc-
tion loss at rated load and provides better reliability under
load variation.

2) DISCHARGING MODE

Because the DC-bus voltage is controlled and kept a constant
value by the AC-DC converter shown in the Fig. 2, the current
controller is used to provide the needed discharging current.

3) CURRENT CONTROLLER
The operating frequency command f* is generated as:

= +arr (10)

where f is the resonant frequency for both charging and
discharging modes. The Af*(= G, x AV*) is yielded
by voltage gain G,r in Fig. 15 with limiter at resonant
frequency.

Secondary side<«--+

Secondary coil
(coreless)

3

Mica/s'heet

Ferrite pads Aluminum outer
case

4
.

* wire and ferrite tray (by 3D printer)

rimary winding

93 939

Proposed
sandwich coil

Secondary coll

uminum case

Litz tray and
Ferrite pad

Primary winding

(b)

FIGURE 21. Experimental setup of the proposed WPT: (a) sandwich coils;
(b) test setup.

IV. EXPERIMENTAL RESULTS

The experimental setup, specifications, and key parameters
for implementing the proposed WPT are indicated in Fig. 21,
Table 5, respectively. The efficiency of WPT under differ-
ent loaded conditions are measured using Keysight PA2201.
To obtain a highly accurate measurement of inductance and
the coupling factor, the impedance analyzer WK 6500B is
adopted.
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TABLE 5. Key parameters of the implemented WPT.

Coil parameters Primary side Secondary side
Wire specifications AWG44/800 strands Litz wire (2 mm)
Turns 22+22 13.5

Self-inductance 116puH 7uH
AC resistance
at 110k Hz 280mQ 32mQ
Coupling factor 0.76
Resonant capacitors 71nF 1.234pF
R6046FNZ IRF150P221
MOSFET (600V/64mQ) (150V/3.6mQ)

TABLE 6. Simulated(Sim.) and experimental(Exp.) results of sandwich
coils (AWG44/800 Strands of Litz Wire).

WPT k L,(uH) Ly(pH)

Coils Sim. Exp. Sim. Exp. | Sim.. Exp.
Without |25 | 76 | 126 | 124 | 688 | 730
Al case

Error 1.4% 1.6% 6.8%

With 0.75 | 0.76 118 116 | 6.75 7.01
Al case

Error 1.4% 1.7% 3.6%

TABLE 7. Simulation(Sim.) and experimental(Exp.) results of coils under
misalignment.

. k L,(uH) Ly(uH)
WPT Coils Sim. | Exp. | Sim. Exp. | Sim. | Exp.
Without 075 | 0.76 | 1183 | 1160 | 6.75 | 7.01
misalignment

Z- +lmm | 0.75 | 0.76 | 1183 | 115.8 | 6.78 | 6.95
axis | ¥2mm | 0.75 | 0.76 | 1183 | 115.7 | 6.85 | 6.92
X- +5m 0.73 | 0.75 | 118.6 | 1163 | 6.72 | 6.97
axis | #10mm | 0.69 | 0.71 | 118.6 | 116.5 | 6.67 | 6.95
Error <2.9% <2.6% <4.2%

A. CHARACTERISTICS OF WPT

1) WINDINGS PARAMETERS

Table 6 presents the simulated and experimental results of
proposed sandwich coils, and the maximum error between
simulated and experimental results is 3.6% with the Al case.

2) MISALIGNMENT OF Z AND X OR Y DIRECTION

The movable secondary coil is placed on the mica sheet with
different positions of the X -axis, and the Z-axis misalignment
is controlled by stacking layers of mica sheet with 1 mm
thickness. Table 7 indicates that

(i) The misalignment in the Z-axis is nearly no influence
on the electrical parameters of proposed coils.

(i1) Although the experimental coupling factor is reduced
to 0.71 in the X-axis, which is 93.4% of the coupling factor
without misalignment, the influence may have been mitigated
by the closed loop controller.

(iii) The experimental results are close to simulated results
with Maxwell 3D.

3) VOLTAGE GAIN

Fig. 22 shows the experimental and simulated results of
the battery-side voltage under different loaded conditions.
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FIGURE 22. Experimental and simulated results of the battery-side
voltage in charging mode (V4. = 200 V): (a) light load (Q = 0.03);
(b) rated load (Q = 0.33).

Simulated results are calculated using (7) with electrical
parameters yielded and measured using Maxwell 3D and the
impedance analyzer, respectively. Results indicate:

(i) Simulated results with measured electrical parameters
close to experimental results.

(i1) Because of the higher resonant current harmonics in
the light load, the maximum error between the simulated
(parameters by Maxwell 3D) and experimental results is near
6%. By contrast, the maximum error in the heavy load is less
than 3%.

Hence, electrical parameters simulated by Maxwell 3D
could be used to simulate the output voltage and match well
with experimental results before implementation to reduce
the cost and time of trial and error.

7 N
v Vi 200v v Vie  a00v fbov
b /b
% 3
48V 47V Izov
; I
ov,| e i n o
\_/ NS N N \ / N
a5
(a) (b)

FIGURE 23. Experimental and simulated results at resonant frequency
(Vge =200 V, Ry = 4.57 £): (a) PSIM simulation (frp = 110 kHz);
(b) experiment (f;p = 112 kHz).
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4) RESONANT FREQUENCY

The resonant frequency is measured and presented
in Fig. 23(a). The resonant frequency of experiment
approaches 112 kHz with a minimal distortion of primary
resonant currents i,, and secondary transfer current is [39].
The measured results match the simulated results, as shown
in Fig. 23(b), which are yielded by PSIM with measured
electric parameters and the designed resonant frequency of
110 kHz. The experiment indicates that the simulated results
of PSIM are considerably close to measurement results.

Discharging mode

A
T
Sﬂ
DC source| v DC source
200V i de
- cv c, -
v_

FIGURE 24. Test setup for the proposed WPT.

B. CONTROL PERFORMANCE

To measure the control performance of the proposed WPT,
the test setup is presented in Fig. 24. Electronic loads under
the CV mode, which is parallel and connected a DC power
supply with a diode to block the reversed current, are added
on both sides of the converter to simulate the DC-bus and
battery.

1) ZERO VOLTAGE SWITCHING (ZVS) AND ZERO CURRENT
SWITCHING (ZCS)

The measured results of ZVS on the high-voltage-side MOS-
FET and ZCS on the low-voltage-side MOSFET are shown
in Figs. 25 and 26, respectively, which may have led to higher
efficiency for the proposed WPT.

zvs Voo Vi zvs

~ [froov

5> 5>
2u f

(a) (b)

FIGURE 25. Experimental results of ZVS on the high-voltage side under
different loaded conditions (V4. =200 V, Vp, = 48 V): (a) 25% rated load;
(b) 100% rated load.

2) CHARGING BATTERY

The charging voltage and current command are set at 52 V
and 1 C (10.5A), respectively. Turn off the high-voltage elec-
tronic load and battery-side DC source. Then, the charging
process can be emulated by adjusting the voltage command
of the battery-side electronic load from 45 to 53 V. The
measured results in Fig. 27 show that CC and CV modes are
achieved.
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i K
ov,| L B - J v f2ov
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2u 2u
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FIGURE 26. Experimental results of ZCS on the low-voltage side under

different loaded conditions (V4. =200V, Vp, = 48 V): (a) 25% rated load;
(b) rated load.
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v M
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FIGURE 27. Experimental results of charging the battery from the CC to
CV mode (Vg4 =200 V).
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FIGURE 28. Experimental results of current command tracking: (a)
charging mode; (b) discharging mode.

3) CURRENT COMMAND TRACKING

Fig. 28 displays the tested results of current command track-
ing in charging and discharging modes. The results indicate
that the proposed current controller could provide a fast cur-
rent response in the discharging mode for the DC-bus.

4) BIDIRECTIONAL POWER FLOW CONTROL

Let the voltage commands of electronic loads be slightly
higher than its DC power, which are set at 200 and 48 V,
to emulate the DC-bus and battery to absorb injected power
during the bidirectional power flow test. The experimental
results in Fig. 29 indicate that currents in both sides could
closely track ramp current commands, particularly in the
near-zero current command region, and the transient time
from charging to discharging mode and vice versa are less
than 30 ms.

C. EFFICIENCY

The test conditions are set as 200 V in the high-voltage side,
with the low-side voltage being 45, 48, and 52 V to coordinate
charging the battery under different state of charge (SOC).
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FIGURE 29. Experimental results of the bidirectional power flow test.

1) CHARGING MODE

Fig. 30 presents the experimental results of efficiency with
and without the SR, which indicate that the efficiency with
SR is higher than 1.5% of the converter without SR. The
maximum efficiency is 96% at 52 V and 75% rated load.
Moreover, the charging efficiency are more than 92.3% under
all tested conditions.

97 ‘

Light load <+> Heavy load
96
9
&)
294
£
8 |
29 |
5] |
|
92 }
|
52V i
91 i —— gy Vithout
! 45V
90
2.6A 53A 7.9A 10.5A
(0.25C) (0.5C) (0.75C) (10)

Charging current (C-rate)

FIGURE 30. Measured efficiency in charging with and without SR.
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FIGURE 31. Measured efficiency in discharging mode.

2) DISCHARGING MODE

The light load efficiency in Fig. 31 are considerably lower
than heavy load conditions because the secondary resonant
current with higher secondary magnetizing current is larger
in the discharging mode than in the charging mode. The
maximum efficiency is 93.8% at 52 V and rated load.

V. CONCLUSION

This paper presents a DSP-based digitally controlled WPT
system, including the sandwich structure to match current
space and the bidirectional CLLC converter for the e-bike
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sharing application. The proposed WPT has 500 W of rated
power for the bidirectional power flow control to charge and
draw electric power from the battery. The efficiency at the
rated load is higher than 95.3% in the charging mode and 92%
in the discharging mode. The CC/CV charging modes and
bidirectional power control are well verified by the proposed
experimental platform. Through the simulated results and
corresponding analysis, the key contributions of this paper
can be summarized as follows:

1) The proposed design process is assisted by simulation
tools including Maxwell 3D, MATLAB, and PSIM. Simu-
lated results using Maxwell 3D are verified through exper-
iments, including the effect of the Al outer case and the
misalignment of the secondary coil. The maximum errors of
coil parameters between the simulation and experiment are
less than 6.8%. The simulated results of PSIM and MATLAB
to design the CLLC converter match well with experimental
results.

2) Because of assistance from Maxwell 3D and the resis-
tance of Litz wires, AWG 44/800 strands that are 2 mm in
diameter are used to implement the primary and secondary
coils of a circular spiral type under limited space, which could
achieve high efficiency and reduce the current rating com-
pared with the other two diameters of Litz wires. Moreover,
ferrite pads constructed by eight 53 mm x 53 mm ferrite
pieces with 2.5 mm thickness are adopted to primary coils
to achieve high self-inductance and high coupling factor.

3) The maximum error between the simulated and experi-
mental results of charging voltage is less than 6%.

The simulated and experimental results indicate the advan-
tages of the proposed sandwich coil structure as follows:

1) Self-inductance of the primary coil and coupling factor
are 116 uH and 0.76, respectively, to provide high mutual
inductance. Hence, the magnetizing current is reduced to
increase the efficiency of coils.

2) The effect of Z-axis misalignment on the coupling factor
and primary self-inductance are nearly zero, and the maxi-
mum variation of the coupling factor and self-inductance on
the other direction with 10 mm of misalignment are less
than 7%.
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