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Abstract—This paper proposes a continuous dynamic
wireless power transfer system for electric vehicles that re-
duces power pulsations during the charging process. Mul-
tiple rectangular unipolar coils are used at the primary
side as the transmitters, and another unipolar coil works
as a receiver at the secondary side. The transmitters are
placed closely together to reduce the variation of magnetic
fields along the moving track of the receiver. This struc-
ture induces self-coupling between the adjacent transmit-
ters. An LCC-compensated circuit topology is utilized, and a
compensation parameter design is provided which consid-
ers self-coupling between the primary coils. Finite-element
analysis of the dynamic charging system is performed using
Maxwell. The receiver size is optimized to reduce the vari-
ation of the coupling coefficient. A 1.4-kW dynamic charg-
ing prototype is constructed according to the designed coil
structure and circuit parameters. There are six transmitters,
each with dimensions 388 mm x400 mm, and one receiver
with dimensions 485 mm x400 mm. Experimental results
show that the output power pulsation is within +£7.5% in the
dynamic charging process, and the maximum efficiency is
89.78%. If the edge effects of the transmitters are neglected,
then the power pulsation is within £-2.9%.

Index Terms—Continuous dynamic charging, dynamic
charging, electric vehicle (EV), inductive power transfer
(IPT).

|. INTRODUCTION

NDUCTIVE power transfer (IPT) is the most common
Iapproach to charging electric vehicles (EVs) wirelessly
[1], [2]. It utilizes magnetic fields to transfer power to the
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vehicle through an air-gap distance of around 150 mm. The ef-
ficiency of the IPT system from the dc source to the dc load has
reached higher than 96% at an output power of 7 kW [3], which
makes the wireless charger comparable with wired charger
technology.

Most of the present IPT systems focus on stationary charging
applications. The vehicle is parked over the charger, and the
receiver should be well-aligned with the transmitter. Otherwise,
when there is a large misalignment between the receiver and
transmitter, the output power and efficiency will drop signifi-
cantly [4].

Dynamic charging is a promising technology that can help
promote the adoption of EVs [5]. When the vehicle is moving
on the roadway, it can be continuously powered. The driving
range of the EV can be extended, and a smaller battery pack
can be used in order to reduce the vehicle weight and improve
transportation efficiency [6]—[8]. If 20% of the roads possess a
40-kW dynamic charging system, the driving range of an EV
can be extended by at least 80% [9].

Dynamic charging systems can be classified according to
the length of their transmitter coils: i.e., either long-track-loop
transmitters [10]—[12] or short-individual transmitters [13]. The
long-track-loop transmitter is usually between 10s to 100s of
meters long, which is much longer than the vehicle length.
Therefore, it can support multiple vehicles simultaneously [14],
[15]. Its advantage is simplicity and a minimal number of circuit
components. It is commercially available in Korea, where it is
named the online electric vehicle (OLEV) [16], [17]. The total
length of the transmitter is 90 m in a 3460 m route, and the
maximum charging power is up to 100 kW [18]. To eliminate
the radiated magnetic field, the transmitter can be twisted into an
“X” shape [19], and an extra active field-canceling coil can be
applied in addition to the transmitter [20]. In addition, the width
of the transmitter and receivers can be designed to be asymmetric
to improve the output power tolerance to lateral misalignment
[21], [22]. In other designs, an additional quadrature coil is
added to the receiver side to improve the misalignment ability
even further [23], [24].

The limitation of the long-track-loop transmitter structure is
its low efficiency. The maximum efficiency of the OLEV sys-
tem is about 74% at 27 kW output [21]. This is because the
inductance of the long transmitter is so large that the switch-
ing frequency is usually limited to 20 kHz. The quality fac-
tor Q = wL/R of the long loop is therefore lower than the
stationary system, which typically switches at 85 kHz [25].
Since the receiver is much smaller than the transmitter, the cou-
pling coefficient is also small. Therefore, according to [26], the
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efficiency of the long-track-loop dynamic charger is lower than
the stationary chargers.

In the short-individual transmitter setting, the transmitter is
the same size as the transmitter in the stationary charging sys-
tem, which is usually within 1 m [27], [28]. Multiple short
transmitters are arranged in an array to form a tracking lane
for the vehicle. Since each transmitter coil has its own com-
pensation network, it is more flexible to design the total length
of the powered roadway. Also, the transmitters can be excited
according to the receiver position. When the receiver leaves, the
transmitters can be turned off, resulting in higher efficiency and
lower magnetic field emissions [29], [30].

The limitation of the short-individual transmitter structure is
its complexity, as it requires a large number of compensation
components and power electronic converters. The total cost is
higher than the long-track-loop system. Therefore, several coils
can be connected in series or parallel to share the same power
electronic converter in order to reduce system cost. Another
drawback of the short structure is the power pulsations experi-
enced by the receiver while moving. The primary transmitters
are usually arranged far away from each other to eliminate the
self-couplings among them. Therefore, the magnetic field is
weak in the positions between the transmitters, and the received
power drops when the receiver moves to a position between two
transmitters. For example, in [29], the output power drops to
nearly zero between two transmitters. One solution to reduce
the power pulsation is to place the transmitters close to each
other to increase the magnetic fields between them. The re-
ceived power in the middle positions can therefore be increased.
However, the power pulsations also exist in [27] and [28]. When
the distance between the transmitters is about 30% of the trans-
mitter length, the power pulsation is still 50% of the maximum
power [28].

The limitation that prevents the transmitter coils coming
closer is the self-couplings between them, which brings chal-
lenges to the compensation circuit design. In previous designs
[27]1-[29], the distance between the adjacent transmitters is large
enough that the self-couplings can be neglected. If the separated
distance keeps decreasing, the power pulsation is further re-
duced, and the self-couplings between the transmitters have to
be considered in the compensation circuit design, which is an
important contribution of this paper.

In this paper, six transmitter coils are arranged closely to
reduce the power pulsation between two adjacent coils. The
self-coupling between adjacent transmitters is considered when
designing the circuit parameters. The size of the receiver coil
is designed to minimize the power pulsations. Six transmitter
coils are powered simultaneously by a single inverter to sim-
plify the power electronics circuit structure. Each transmitter
coil is compensated individually by its own compensation cir-
cuit, and is connected in parallel with other transmitter coils and
their corresponding compensation circuits. In this structure, it
is convenient to adjust the total length of the transmitters and it
can also help to reduce the voltage stress on the compensation
capacitors. With the designed coil size and circuit parameter val-
ues, the output power pulsation is within £2.9% of the average
power.
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Fig. 1. Front view and 3-D view of the transmitters and receiver.
TABLE |
PARAMETERS DESCRIBING COIL STRUCTURE
Symbol Explanation Symbol Explanation
Iy Transmitter length s Receiver length
wy, Transmitter width w Receiver width
lwp Transmitter winding width L s Receiver winding width
hay Aluminum thickness d, Transmitter space
hm Ferrite thickness d, Air gap distance
h. Coil thickness Do Receiver displacement

Il. CoiL DESIGN FOR CONTINUOUS DYNAMIC CHARGING

This paper adopts the short-individual transmitter approach
to realizing the dynamic charging system. In this section, the
structures and dimensions of the transmitters and receivers are
provided. Finite-element analysis (FEA) simulations are per-
formed using Maxwell to determine the self-inductances and
the coupling coefficients of the coils.

A. Structure Design

The front and 3-D view of the coil structure are shown in
Fig. 1, and the dimensions are also labeled in Fig. 1. There are
six unipolar transmitters in our setup, labeled P; to Pg. The
receiver coil is also a unipolar structure, labeled as S,. The
definitions of the dimensions are described in Table I.

In our setup, Litz wire is used to build the coils, and ferrite
plates are used with both the transmitter and receiver to increase
the magnetic coupling. Furthermore, aluminum sheets are used
to reduce magnetic field leakage. The thickness of the coils A,
is determined by the diameter of the Litz-wire. It contains 1900
strands AWG 38 wires and the total diameter is 6 mm. The
thickness of the ferrite plate h,, is 5 mm, and the thickness of
the aluminum h4; is 2 mm. The distance between the ferrite
plate and aluminum sheet is set to 25 mm to reduce the eddy
current loss in aluminum sheet. The receiver displacement p, is
defined as the distance between the left edge of the receiver coil
and the left edge of the transmitter coil.

Fig. 1 also shows that the length and width of the ferrite are
50 mm larger than the coil for better coupling. Meanwhile, the
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0.2 TABLE Il
— MAXWELL-SIMULATED COUPLING COEFFICEINT! AND MUTUAL INDUCTANCE?
g o1 L" BETWEEN TRANSMITTERS WHEN d;, = 0
3 — kL
E — 1"u
o 0 & 1 2 3 4 5 6
?;" e 15 - k
= k 1 -12.409 | -2.4960 | -1.4250 | -1.0030 | -0.9897
g . 2 | -0.14055 -11.2430 | -1.9283 | -1.1080 | -1.0039
3 | -0.02827 | -0.12734 -11.106 -1.9265 | -1.4241
-0.2
00 150 -100  -50 o so 100 150 200 4 | -0.01614 | -0.02184 | -0.12579 -11.236 | -2.4968
R o 5 | -0.01136 | -0.01255 | -0.02182 | -0.12726 -12.407
Transmitter Space ¢ (mm)
2 6 | -0.01121 | -0.01137 | -0.01613 | -0.02828 | -0.14053
Fig. 2. Maxwell-simulated coupling coefficient between transmitters

when space d, varies.

length and width of the aluminum sheet are 50 mm larger than
the ferrite to provide better shielding.

B. Transmitter Design

The main contribution of this paper is to study the self-
coupling between transmitter coils, and design a compensation
circuit for the coupled transmitters. Due to space limitations,
the transmitter length [, is set to 388 mm, the width w,, is set
to 400 mm, and the coil width [,,, is set to 54 mm, which
means that each coil has nine turns. Therefore, the transmitter
coil spacing d,, is the only variable. The FEA simulated rela-
tionship between d,, and the coupling coefficient between the
transmitters is shown in Fig. 2, where Maxwell was used.

All the transmitter coils are excited by currents flowing in the
same direction. In Fig. 2, k1o indicates the coupling between
adjacent transmitter coils, and the others indicate the coupling
between nonadjacent coils. The sign of the coupling coefficient
depends on the direction of the magnetic flux linkage coupled
from one coil to the other [31]. In this system, since all six
transmitter coils are identical and arranged in the same plane,
the positive direction of the magnetic flux linkage can be de-
fined when two transmitter coils are perfectly overlapped. Fig. 2
shows that the coupling coefficient k;» decreases from posi-
tive to negative with the parameter d,,, which defines the space
between the transmitters. It shows that when the transmitter
spacing d,, is positive, the adjacent coupling coefficient k5 is
negative. As the spacing d,, decreases to negative values, which
means the transmitter coils overlap, the coupling decreases to a
minimum value. With further increasing overlap, the coupling
increases to positive values. The couplings between nonadjacent
transmitters are always negative as shown in Fig. 2.

Fig. 2 shows that when the adjacent transmitters have
about 110 mm overlap, they are decoupled. However, ki3 =
—0.045, k14 = —0.026, k15 = —0.018, and k;3 = —0.017,
which means that the coupling with nonadjacent coils therefore
cannot be neglected. The transmitter coils cannot be completely
decoupled from one another. Furthermore, a 110 mm overlap
means the transmitter loses 28% of its total effective length. In
real applications, insulation between the overlapped coils is also
an important concern. Therefore, the overlapped structure is not
considered.

In this paper, the transmitter spacing d,, is set to 0, which
means the transmitter coils are placed immediately next to each
other. This structure effectively makes use of the coil length,
and avoids low power areas between the transmitter coils. It
can also help to reduce the variation of coupling coefficients
between the transmitter coils and the receiver coil. The trans-
mitters are negatively coupled, and the coupling coefficients
and mutual inductances are shown in Table II. The lower left
triangular data are the coupling coefficient, and the upper right
triangular data are the mutual inductance in p/H. For the mutual
inductance, M;; = M;;(i # j). The total mutual inductance of
the 7y}, transmitter with the other transmitters is defined as M;,
which is shown as follows:

6
M= Y M. (1)

J=1j#i

With the parameters in Table [, the mutual inductance of each
transmitter is calculated as M; = My = —18.323 uH, M, =
My = —27.692 uH, and M3 = My = —28.195 uH. Also, the
self-inductance of the transmitter is L; = 88.29 uH(i =
1,2,...,6).

C. Receiver Design

As shown in Fig. 1, a unipolar coil is used as the receiver.
For simplicity, the receiver width w, and receiver coil width
lys are designed to be the same as the transmitter coils, which
means w; = 400 mm and [,,; = 54 mm. The receiver length [
is therefore the only variable considered.

When the receiver moves along the transmitter coils, power
transfer occurs with each transmitter coil through magnetic cou-
pling. The sum of their powers is the total received power, and
the amount of power from each transmitter coil is determined
by the coupling coefficient. One target of this design is to min-
imize the power variation in the dynamic charging process by
optimizing the receiver size. If the receiver size is the same as
the transmitter, [, = [, = 388 mm, the resulting coupling be-
tween the receiver and transmitter coils is shown in Fig. 3(a).
The dashed lines represent the couplings with each transmitter,
defined as ki, koq, k34> K44, K54, and kg, , respectively. When
the receiver moves close to one transmitter, they are positively
coupled. When the receiver moves away, the coupling dereases
to negative values. The total coupling k, is shown as a solid red
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Fig. 3. Maxwell-simulated coupling coefficient between the receiver
and transmitters at different receiver lengths ;. ki, k24, k3a, kaa,
ksq, and kg, are the coupling coefficients between receiver and each
of the six transmitters. k, = ki1, + koo + k3a + kaa + k5a + kea IS the
total coupling of receiver and transmitters. (a) Coupling coefficeint
when receiver length I, = 388 mm. (b) Coupling coefficient when re-
ceiver length I, = 485 mm. (c) Coupling coefficeint when receiver length
lg = 776 mm.

line, and defined as follows:

ka = klu + k2u + k3u + k4a + kSa + kﬁa- (2)

The total coupling is therefore the sum of six pulses, and there
is variation in k, due to the pulses. In the transmitter design,
the spacing d,, between the transmitters has been set to zero to
reduce the variation of coupling coefficient &, . If the spacing d,,
increases, the variation of k, will also increase.

The receiver size was then increased to [, = 1.25 x [, =
485 mm, and the resulting couplings are shown in Fig. 3(b).
The shape of each individual coupling widens with the increas-
ing receiver size. When they are added together, the variation
of the total coupling k, is reduced. Since the coupling coef-
ficient relates to system power, this means that there will be
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ly = 485 mm.
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Fig. 5. Maxwell-simulated average value and variation of the total cou-
pling coefficient &, at different receiver length [;.

little variation in the output power, and the vehicle can receive
approximately constant power when it is driving on the roadway.

When the receiver size increases to [y = 2.0 x [, = 776 mm,
the couplings are shown in Fig. 3(c). The shape of each indi-
vidual coupling becomes much wider. When they are added
together, their variations cannot be canceled and the ripple in
the total coupling k, returns. Another important phenomenon
shown in Fig. 3 is that there are two peaks in the total cou-
pling k,, when the receiver moves in and out of the transmitter
coils. The details of Fig. 3(b) are shown in Fig. 4. Here, the two
peaks at the ends are much more obvious. When the receiver
moves to the ends, all the transmitters are on one side of the
receiver, and there is lower negative coupling with the receiver.
The output power is therefore larger compared to the other po-
sitions. The middle section is defined as [I,, 5 x [, — [5], when
the receiver moves to the second transmitter and away from the
fifth transmitter. In the labeled middle section, the variation of
the coupling coefficient is only +2.1%. In the middle section,
considering the couplings in Figs. 3 and 4, the relation between
the average coupling, coupling variation, and receiver length [,
is shown in Fig. 5.

When the receiver length [/, increases from 194 to 776 mm,
the average total coupling coefficient k, increases from 5.8% to
16.8%. However, the coupling variation is not monotonic with
the receiver length. With increasing /,, the variation first de-
creases to the minimum and then increases. The lowest variation
occurs at 485 mm, so this value is chosen to realize the receiver.
The average coupling &, is 0.130, and the self-inductance of
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TABLE Il
DIMENSIONS AND INDUCTANCES OF TRANSMITTERS AND RECEIVER

Parameter Design value ~ Parameter ~ Design value
Iy 388 mm s 485 mm
wy 400 mm Wy 400 mm
Lwyp 54 mm Ly s 54 mm
hai 2 mm d, 0 mm
hom 5 mm d, 150 mm
h. 6 mm Turn 9
L;i(i=1,2,3,4,5,6) 88.29 uH L, 105.46 pH
My s —18.323 uH ka 0.130
My 5 —27.692 nH My 4 —28.195 nH
LN il
o ¢ " L= Each two coils are
G T magnetically coupled
PTIR Il
L - [SL N
C T | é o] b
XA X
e o LL C | . c, La
Io ! 1 2 |__I‘n"|'\_.
( V., v, ‘c /= Ly "'1_ "
- a Voo

Fig. 6. Circuit topology of the double-sided LCC-compensated dy-
namic charging system.

the receiver L, = 105.46 uH. When [, increases larger than
679 mm, although the variation decreases, the receiver becomes
more difficult to realize.

Using the design choices discussed above, the dimensions
and inductance values of the transmitters and receiver are sum-
marized in Table III.

[Il. LCC COMPENSATION CIRCUIT DESIGN FOR
SELF-COUPLED TRANSMITTERS

The double-sided LCC compensation circuit topology is pro-
posed in [25]. The advantage of this topology is that it performs
as a current source to both the input and output, and it can main-
tain relatively high efficiency at both light and heavy load con-
ditions. In the proposed self-coupled dynamic charging system,
the LCC compensation topology is adopted, and the compensa-
tion circuit parameter design should consider all the couplings
between transmitter coils. There are six coils at the transmitter
side and one at the receiver side. When the power losses in all
the components are neglected, the circuit is as shown in Fig. 6.

At the transmitter side, the input of the system is a dc source
Vin, which is connected to a full-bridge inverter to apply a high-
frequency ac voltage V to the resonant circuit. Each transmitter

coil is compensated individually and then connected in parallel
with other transmitters.

The parallel connection has two advantages. First, it provides
the convenience to adjust the total length of the transmitter track.
Especially in the long track application, it is flexible to add more
transmitter coils connected in parallel with the existing trans-
mitters without too much influence on the compensation circuit
design. Second, it helps to reduce the voltage stress on the com-
pensation capacitors. Since the transmitter coils are segmented,
the voltage stress on each coil is reduced. Therefore, the voltage
stress on the corresponding compensation capacitors for each
transmitter is also reduced.

If all transmitter coils are connected in series, it will result in
a large self-inductance at the primary side. In this structure, a
single compensation circuit is enough and the circuit topology is
therefore simplified. However, it is difficult to vary the length of
the transmitter track, which requires disconnecting the exiting
circuit and redesigning the compensation circuit. Also, it is
difficult to design the compensation capacitors due to the too
large self-inductance of the long track transmitter. Therefore,
the parallel connection is used in this paper to realize dynamic
charging.

There are six resonant tanks at the transmitter side, corre-
sponding to the six transmitter coils. Due to the self-coupling
at the transmitter side, the resonance of each transmitter coil
also relies on the coupling with other transmitters. The receiver
coil is also compensated by an LCC network, followed by a
full-bridge rectifier. The input voltage to the rectifier is a square
wave, and the output load is the battery pack on the vehicle,
which is represented by a voltage source V.

In the LCC network, Ly and C; behave as a low-pass filter,
so there is no high-order current injected into the coils. The
fundamental harmonics approximation (FHA) method [25] is
therefore used to analyze its working principle. The output volt-
age V) of the inverter and input voltage V,, of the rectifier are
approximated as sinusoidal sources. Therefore, Fig. 6 is simpli-
fied as Fig. 7(a).

A. Working Principle of the Resonant Circuit

In Fig. 7(a), the magnetic coupling between the coils is repre-
sented by current-controlled voltage sources. Each transmitter
is coupled with the other five transmitters and the receiver. The
receiver is coupled with all six transmitters. The coupled voltage
in a coil depends on the mutual inductances and the circulating
current in the other coils.

Since the circuit in Fig. 7(a) is linear, the superposition theo-
rem can be used to analyze the circuit; i.e., the two sources can
be analyzed separately, and the results can be added together.

When the circuit is excited only by the input source, the
resonances are shown in Fig. 7(b). Ly, and C, form a paral-
lel resonance at the secondary side, and behave as an infinite
impedance. The receiver coil is therefore treated as an open cir-
cuit; i.e., I, = 0. The reflected voltages to the primary trans-
mitters are all zero. The resonant frequency is designed to be
the switching frequency f;,, and the parameter relationship is
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FHA of the circuit. (a) Simplified resonant circuit. (b) Excited

6
Vi = ) jw- Mg Ipj, i=1,2,3,4,5.6.
J=1,j#i

“

The impedances of the resonances are infinite to the input
source V1, and there is no current flowing through L1 23 4,5.6-
Therefore, the parameters should satisfy the following equa-
tions, which is a design goal of the circuit parameters:

X1 My Mz My My Mg It
My Xy Mgz Myy My Mg I
Mz M3 X3  Mzy M3y Msg I3 —0
My My Mgz Xy Mys Mg Iy N
Msy Msz Mss Msy X5 Msg I
Mgy Mgo Mgz Mgy Mgz Xo I

©)

where the equivalent self-reactance X;(i = 1,2,3,4,5,6) of
each loop shown in Fig. 7(b) is defined as

1 1

X, =L — —— —
wQCﬁ’

G i=1,2,3,4,5,6.

(6)

At resonance, there is no current flowing through L, and so
Veri =Vi(i =1,2,3,4,5,6). Then, the transmitter coil cur-
rents are calculated as

i
1/(GwCri)

Considering (5) and (7), the relationship between X; and the
capacitors C'y; can be calculated as

I, = — —jwCyi - Vi, i=1,2,3,4,5,6. (7)

X, -Chn 0 My My My Mys Mg
Xo - Cyy My, 0 Myz Moy  Mys My
X3 - Cys o Mz, M3, 0 My  Mss  Msg
Xy -Cpy - My, My My 0 Mys My
X5 -Cys My, Mss  Mss  Msy 0 Ms¢
Xs - Cg Mgy Mo Mz  Mey  Mes 0

Cfl

Cyo

Cys

‘o @®)

Cys

In Fig. 7(b), although there is no current circulating in the
receiver coil, there is voltage transferred to the receiver side,
which is indicated in Fig. 7 and expressed as

6 6
Vie =Y jw- Mg Ipi = -Vi- Y Mig-Cpio (9)

i=1 i=1
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Then, the output current in the inductor L, is calculated as

Via W

_Ia =
jw~Lfa Lf

W XG:M C
ia " Y fi (10)

i=1

ILfa =

When the circuit is excited only by the output source, the
result is shown in Fig. 7(c). Similarly to Fig. 7(b), there are also
multiple parallel resonances highlighted in the circuit. At the
primary side, they can be expressed as follows, which is another
design goal of circuit parameters:

Cpi = 1/(w*Ly;) = 1/[(27 - fsw)?Cpil, i=1,2,3,4,5,6.
)
The parallel resonance of Ly; and Cy; behaves as an infinite
impedance for the transmitter coils, so there is no current flowing
through them.
On the secondary side, the capacitor C, can be designed to
maintain a parallel resonance in the receiver. The relationship
between the parameters is shown as

1 1
— = . (12)
PlLy —1/@?Cra)] ~ (La — Lya)
In this case, there is no current flowing through L, so the

voltage on C'y, is also the output voltage V,,, and the circulating
current in the receiver is given by

Va
1/(jwCra)
The reflected voltage to each transmitter coil is expressed as

Ca

I, = = —jwCfq - Va. 13)

Vii=jw- M- Iq =w? My -Cro -V, i=1,2,3,4,5,6.

(14)

The input current in the inductor Ly; is therefore calculated
as

Vii

_ _ —Jjw-Miq - Cya - Va
S jw-Lp '

Igi= 1,
Lf i Lfi

s5)

The total input current I, is the sum of I;(i = 1,2,...,6),
and is expressed as follows:

6 6 M.
Iy =3 Li=iw-Cra-Va- 3 T
i=1 i=1 !

From the previous analysis, it shows that the input current
only depends on the output voltage, and the output current only
depends on the input voltage. The circuit therefore performs as
a current source for both the input and output.

(16)

B. Calculate System Power

The input and output currents are expressed in (10) and (16). A
full-bridge diode rectifier is used at the receiver side. The phase
of the output voltage V, is determined by the inductor current
Ir o When the current Iy ¢, is flowing, the output voltage V,
is clamped to Vou¢ or (—Vout ), depending on the direction of
I, 4. The output voltage V,, and current I ¢, are therefore in
phase. Equation (10) shows that V; leads Iy, ¢, by 90°, and (15)
shows that I; leads V, by 90°. Therefore, V) and I; are also
in phase. It means that unity power factor is realized for each
transmitter coil.

Since the output voltage V/, is in phase with output current
I7 t4, the output power can be calculated from (10) as

6
w- ViV,
Poutzv;|-|lm|='Llf"-ZMm-cﬁ. (17)
a i=1

Also, the input voltage V) and the input current I; are in
phase, and the input power can be calculated from (16) as
S AL
Po =il |l =w-Cro - [Val - Vil - D I
i=1 !

(18)

According to the resonances indicated in (3) and (11), the
input and output powers are equal to each other, which agrees
with the previous assumption to neglect the component losses.

In Section II, the six transmitter coils are designed to be iden-
tical, and they are placed adjacent to each other. Therefore, their
self-inductances and mutual inductances satisfy the following
expression:

Liy=Ly=L3=Ly=1Ls=Lg
M;; = Mji(i,j =1,2,3,4,5,6,1 75])
My = Ms3 = M3y = Mys = Mse
Mz = My = M35 = Mye
Myy = Mys = M3g
Mys = M.

19)

The compensation parameters are chosen to be identical, i.e.,

Liyv =Ly =Ly =Lgs=Lys = Lyo = Ly

20

Therefore, the system power in (17) and (18) is given by
]\/fla + M2a + ]u-?)a + M4a + A{E}a + ]u-(ia

Pin:Pout: UJLfog “/1“‘/&|
(21
Considering (2) and (19), it can be rewritten as
6
VL1 - Ly - [Vi| - Vi
in out Zkta w - L] . Lfa
i=1
ko /L1 - L, - |V

w~Lf-Lfa

This shows that system power is proportional to the coupling
coefficient, mutual inductance, and input and output voltages.

IV. 1.4-KW DYNAMIC CHARGING SYSTEM DESIGN

In this section, a 1.4-kW input power dynamic charging sys-
tem is designed. The scaled-down power level is based on the
capability and space limitation of our laboratory.

A. Circuit Parameter Design

The inductances of the coils have been provided in Table III,
and the inductors L; and Ly, are determined according to the
power in (21). To reduce the circulating current in the trans-
mitters, Ly; is designed to be two times larger than Ly,. The
values of capacitors Cy; and C', are provided in (3) and (11).
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TABLE IV
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETER VALUES

Parameter Design value ~ Parameter  Design value
Vin 180 V Vout 150 vV
Lysi(i=1,2,3,4,5,6) 26.31 uH Lya 13.15 pH
Cyi(i=1,2,3,4,5,6) 133.28 nF Cra 266.55 nF
Li(i=1,2,3,4,5,6) 88.29 nH L, 105.5 pH
C1,Cs 80.30 nF C, 37.98 nF
Cy,Cs 102.24 nF C3,Cy 103.8 nF
fow 85 kHz ka 13.0%

V (V)
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Current (A)
-
i
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~
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Fig. 8. LTspice-simulated voltage and current waveforms.

Considering (3), (6), and (8), the capacitor C; is given by

o 1 B 1

o 6 Cw2(Li — Ly + M)’

w(Li —Lpi+ >0 M) ( ! )
j=Ti#i

i= 1,2,3,4,5,6. (23)

It needs to be emphasized that the high-order harmonic cur-
rent [25] helps to achieve soft switching. Therefore, all the
parameter values for a 1.4-kW dynamic charging system are
shown in Table IV

B. System Simulation

With the parameters in Table IV, the circuit performance
is simulated in LTspice. When the receiver position p, is set
to 776 mm, Fig. 3(b) shows the Maxwell simulated couplings

between receiver and transmitters as ki, = —0.0138, ko, =
—0.0338, k3, = 0.2180, k4, = —0.0156, k5, = —0.0144, and
ksq = —0.010. The LTspice-simulated waveforms are shown in

Fig. 8. This shows that the input current I, is in phase with the

TABLE V
SIMULATED PEAK VOLTAGE AND CURRENT STRESSES OF COMPONENTS

Parameter Voltage  Current
MOSFETs 180 V 22A
Diodes 150V 22A
Cyi(i=1,2,3,4,5,6) 400 V 30 A
Ci(i=1,2,3,4,5,6) 370V I5A
Cra 300V 40 A
C, 1.3kV 26 A

B [uTesla)

l 3.87e02

3.47e02
3.07e02
267602

2.27:02
. 187602
1.A47e02
- o 1.07e02
500mm 6.70ci1
1000mm I:Trwl

BluTesla]

400mm

150mm

77, 2.70e01
bmm

(b)

Fig. 9. Maxwell-simulated magnetic field emission. (a) Left view of the
magnetic field. (b) Front view of the magnetic field.

input voltage V). At this position, the receiver is only positively
coupled with the third transmitter, so the current I3 is high and
the other currents are close to zero.

The peak voltage and current stresses of the circuit compo-
nents are also acquired from circuit simulation, which is shown
in Table V. The MOSFETs can achieve soft switching, so the
peak voltage stress is the input dc voltage 180 V and the peak
current stress is 22 A. For the diodes, the peak voltage stress is
the output dc voltage 150 V, and the peak current stress is also
22 A. For the compensation capacitors, the capacitor C,, has
the highest voltage stress and the capacitor C'y, has the highest
current stress. Therefore, in the prototype, multiple capacitors
should be connected in series and parallel to acquire higher
voltage and current ratings.

The magnetic field around the system is also simulated. The
receiver position p, = 776 mm is again set as the example point,
which is shown in Fig. 9. Since aluminum shielding is used with
the transmitters and receiver, the emission of magnetic fields is
reduced. The International Commission on Non-Ionizing Ra-
diation Protection (ICNIRP) has published thelatest guidelines
for safe operation in 2010, which is called ICNIRP 2010 [32].
They require that the exposure limitation of magnetic field for
the general public is 27 pT at 85 kHz. Fig. 9 shows that the
emission of magnetic fields is below the safety requirement at a
distance of 400 mm away from the system.
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1164mm
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Fig. 10.  Structure and dimension of primary transmitter coils Py, Ps,

and Ps.

Fig. 11.

Experimental prototype of the dynamic charging system.

V. EXPERIMENTS

A prototype is constructed with all the coil parameters in
Section II and the compensation parameters in Section IV. The
structure and dimension of the primary transmitters coils P; —
—P3 are shown in Fig. 10. The aluminum sheet is the bottom
layer, the ferrite plate is placed in the middle, and the transmitter
coils and compensation inductors the top layer. The ferrite plate
demensions are larger than the coils to increase the coupling,
and the aluminum sheet dimensions are larger than the ferrite to
provide better shielding.

The compensation inductors Ly; (¢ =1,2,...,6) are inte-
grated inside the transmitter coils [33]. This can help to reduce
the system size. The transmitters have a unipolar structure and
the compensation inductors have a bipolar structure, which helps
to eliminate the coupling between the transmitters and the in-
ductors. Using these transmitters, the dynamic system prototype
is shown in Fig. 11.

All six transmitter coils are identical and connected in par-
allel. They share a single full-bridge inverter. The rectifier and
its compensation circuit are connected to a dc load through a
rectifier, which operates in constatnt voltage mode. The compen-
sation inductors are integrated into the main coils to save space.
The main coils are made from 1900-strand AWG 38 Litz-wire,
and the inductors Ly; and Ly, use 800-strand AWG 38 Litz-
wire. The ferrite plate material is PE40 from TDK. A general-
purpose full-bridge inverter is used at the primary side to pro-
vide ac excitation. It contains four silicon carbide (SiC) MOS-
FETs (C2M0025120D) with a rating voltage of 1.2 kV. In future

/\""(iri\'u
B | | I | | |

! ! S T—
’. 10.0 ¥ 9 100 ¥ [4] - " —
@ raency e e b Bl J R W T

Amplitude 160 V 128 500 168 470
t
Fig.12.  Experimental waveforms of the dynamic charging system. Hor-

izontal time period: 4.0 us/div. Channel 1 (blue): driver voltage Vy,ive,
10 V/div. Channel 2 (red): input voltage V7, 100 V/div. Channel 3 (green):
output voltage =V, , 100 V/div. Channel 4 (pink): input current I,,, 10 A/div.
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Fig.13.  System output power and efficiency along the transmitter track.

research, the power level of the prototype will be increased and
this inverter will continue to be used in the high power system.
The output rectifier adopts SiC diodes (IDW30G65CS5) with a
voltage rating of 650 V, which can also be used in the future
high power system.

When the receiver position p, = 776 mm, the experimental
voltage and current waveforms are shown in Fig. 12, which are
similar to the simulated waveforms in Fig. 8. The output voltage
V, isinverted by 180° due to the connection of the voltage probe.
The inverter achieves a soft-switching condition.

When the receiver moves along the transmitters, the output
power and efficiency are shown in Fig. 13. The shape of the
output power waveform is similar to the coupling coefficient in
Fig. 4. The output power stays about 1.4 kW with a variation
of £7.5%, over the entire range. When considering the middle
section (388 mm, 1445 mm), the output power variation is only
£2.9%. From the dc source to the dc load, the system’s highest
efficiency is 89.78%.

Using the circuit components model presented in [34], the
power loss in each component can be estimated, as shown in
Fig. 14. The ferrite consumes the highest power of all the com-
ponents, so the system efficiency can be improved through us-
ing better magnetic materials and optimizing the design of the
ferrite.
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Fig. 14.

Power loss distribution in the circuit components.

VI. CONCLUSION

This paper has proposed a dynamic charging system that
reduces the power pulsations in a dynamic charging system.
The transmitters are placed next to each other to eliminate power
dips between coils. The receiver size is optimized to maintain
a relatively constant coupling coefficient with the transmitters.
The double-sided LCC-compensation network is adopted in this
paper, considering the coupling between the transmitter coils.
A 1.4-kW prototype was constructed to validate the design. The
experimental results show a £7.5% power ripple in the whole
range, and +2.9% ripple in the middle section. The system
efficiency from dc source to dc load reaches 89.78%.
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