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A Dual-Layer Receiver With a Low Aspect Ratio and
a Reduced Output Fluctuation for EV Dynamic
Wireless Charging

Beibei Song *?, Shuai Dong

Abstract—A dual-layer receiver with a low aspect ratio and a
low output fluctuation is proposed in this article. It is composed of
three parts: full-pitch coils, mixed-pitch coils, and a flat receiver
core. In EV dynamic wireless charging system, power supply rails
with alternately arranged poles, such as I-type, S-type, and N-type
rails, have the advantage of narrow width, but they also show the
main drawback of sinusoidal output fluctuation when they are
mated with conventional double D (DD) receiver coils. To solve this
problem, a dual-layer receiver is proposed in this article. Through
the combination of full-pitch coils and mixed-pitch coils, the output
fluctuation factor can be reduced from 100% to 29%. Compared
with the conventional dual-DD receiver, the proposed receiver
shows the following advantages. Full-pitch and mixed-pitch coils
are not required to be dislocated in space so that the aspect ratio is
reduced by 20%. In this way, the problems of too large receiver
size and limited installation space can be solved, and the cross
coupling between the receiver coils can be eliminated as well. Based
on the theoretical analysis of the working principle of the dual-layer
receiver, the output voltage expression of receiver coils is derived
and the basic relationship between full-pitch and mixed-pitch coils
is explored. Then, the influences of the mixed-pitch coil’s symmetry
and vehicle chassis on the system are analyzed, and the design
principle of the proposed receiver is given. In addition, the dual-
layer receiver is extended to multiple receivers through multiple
cascades to further reduce the output fluctuation factor. Finally,
a 10-kW prototype with ac—dc efficiency of 93.2% was built for
experimental verification. The experimental results were consistent
with theoretical analysis and simulation results, thus proving that
the proposed receiver could reduce the aspect ratio and achieve the
decoupling between the receiver coils under the premise of reducing
the output fluctuation.

Index Terms—Dual-layer receiver, dynamic wireless charging
(DWCQ), EV, low aspect ratio, low output fluctuation.

I. INTRODUCTION

VS can effectively alleviate the problems of environmental
pollution and energy shortage. However, the disadvantages
of EVs such as insufficient driving range and frequent parking
charging have greatly limited their application scope [1]. The
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Fig. 1. Influence of receiver’s aspect ratio on vehicle’s off-road performance.
(a) Low aspect ratio. (b) High aspect ratio.

dynamic wireless charging (DWC) technology can solve the
above problems well [2]. This technology not only greatly
increases the driving range of vehicles, but also largely reduces
the weight of on-board batteries. In addition, the dynamic
charging mode can effectively reduce the waiting time of
parking charging and avoid the deep charge and discharge of
the battery, thus improving the health management and service
life of batteries [3]-[5].

In the DWC system, power supply rails with alternately
arranged poles, such as I-type, S-type, and N-type rails, have
been widely applied due to their advantages of narrow width
and strong lateral displacement capability [6]-[8]. However,
these power supply rails have a common drawback: when they
are mated with conventional double D (DD) receiver coils, the
output voltage has a sinusoidal variation during the driving
process, and reaches zero at a specific position. A larger output
fluctuation not only reduces the average output power of the sys-
tem, but also increases the harmonic amplitude of the receiver’s
dc output voltage, thus further increasing the design difficulty
of the receiver converter. Therefore, it is necessary to reduce the
output fluctuation. Moreover, the installation space of the chassis
is limited for EVs. In order to ensure the off-road performance
of EVs, the length of the on-board receiver should be reduced
and the aspect ratio should be as low as possible to avoid chassis
bumping during the climbing process, as shown in Fig. 1.

Reducing the output power fluctuation is a key problem to
be urgently solved in the DWC technology for EVs. At present,
there are three mainstream solutions. The first solution is to
use multiple receivers. Dual and quadruple receivers were,
respectively, proposed [9], [10]. Through different connection
modes between multiple receivers, the output fluctuation factors
of dual and quadruple receivers were reduced to 0.3 and 0.146,
respectively. However, the two receivers had the shortcomings
of high aspect ratio and long receiver size, so their application
scope was limited by the chassis installation space. A dual-layer
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DDQ receiver [8] was proposed to reduce the output fluctuation
through the connection of DD coils and Q coil after rectification.
However, the number of turns of the Q coil needs to be two times
or more than that of the DD coils, thus resulting in too large
voltage stress of the Q coil and the coil insulation problem. At
the same time, limited by the winding space of the Q coil, this
receiver is only suitable for applications with few coil turns and
low output power.

The second solution is to use multiphase transmitters. Three
kinds of three-phase magnetic couplers with different struc-
tures were proposed [11]-[14]. A two-phase magnetic coupler
with dg-power supply rails was also proposed [15]. The above
structures can theoretically achieve the uniform output power
through the traveling wave magnetic field generated by multi-
phase transmitter coils. However, for magnetic couplers with
multiphase transmitters, the wire amount of transmitter coils is
large and the design of inverter is complicated. In addition, the
cross coupling between multiphase transmitter coils increases
the cost and control difficulty of the system.

The third solution is to use the system control strategy. Two
different control strategies for array transmitter coils were pro-
posed to reduce the output power fluctuation by controlling the
turn-ON time and the switching sequence of adjacent multiple
transmitter coils [16], [17]. A control strategy for rectangular
array transmitter coils [18] was proposed to reduce the output
fluctuation by sequentially turning ON the adjacent two trans-
mitter coils, which had the highest coupling degree with the
receiver. However, the above system control strategies require
the position detection device, so the system’s detection and
control technology is complex and the reliability is low.

In summary, the multiphase transmitter solution has the dis-
advantage of high cost, whereas the circuit control solution has
the disadvantages of complicated control and low reliability. In
contrast, the multireceiver solution has the advantages of high
reliability, low cost, and huge engineering potential. At present,
the most important limitation factors of multireceiver solution
are the high aspect ratio and the limited chassis installation
space. These factors are explored in this article.

This article proposes a dual-layer receiver with a low output
fluctuation, a low aspect ratio, and a low chassis occupancy.
The proposed receiver consists of three parts: full-pitch coils,
mixed-pitch coils, and a flat ferrite core. Through the arrange-
ment of different lengths of each coil in the mixed-pitch coils,
the output voltages of the full-pitch coils and the mixed-pitch
coils maintain a spatial phase difference of 90° along the driving
direction without displacement. In this way, the load voltage
will pulse twice during the vehicle’s travel through a pole pitch,
thereby avoiding power zero and reducing output fluctuation.
Compared with the coils in conventional dual DD-type receivers,
the full-pitch and mixed-pitch coils in the proposed receiver
are spatially overlapped to reduce the receiver’s aspect ratio
and the space occupation ratio of the chassis. Compared with
the conventional DDQ-type receivers, the proposed receiver
reduces the turns of the Q coil by adding two short coils in the
mixed-pitch coils, and solves the problems of limited winding
space and difficult coil insulation of the Q coil.

The remainder of this article is organized as follows. In Sec-
tion II, the configuration and working principle of the dual-layer
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Fig. 2. Structure diagram of the proposed dual-layer receiver. (a) Bird view.
(b) Main view. (c¢) Schematic diagram of the receiver when mated with N-type
power supply rail.

receiver are proposed, and the new receiver is compared with the
conventional dual-DD-type receiver. In Section III, the design
of the proposed receiver is given, and the system efficiency and
the influence of vehicle chassis on the magnetic coupler are
analyzed. In Section IV, a prototype with an output power of
10.64 kW and ac—dc efficiency of 93.2% was built for experi-
mental verification. Finally, Section V concludes this article.

II. CONFIGURATION AND WORKING PRINCIPLE

A. Configuration of the Proposed Receiver

The dual-layer receiver used in the DWC system for EVs is
shown in Fig. 2. The receiver consists of three parts: full-pitch
receiver coils, mixed-pitch receiver coils, and a flat ferrite core.
The flat core is laid directly above the receiver coils and can be
used to improve mutual inductance and coupling coefficient, and
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Fig. 3. Circuit diagram of the system. (a) Series connection. (b) Parallel

connection.

shield the leakage magnetic field generated from the magnetic
coupler to the vehicle chassis.

As shown in Fig. 2(a) and (b), the full-pitch receiver coils
consist of two DD coils connected in series. Each coil has a
width of w1 and a length of 7. Since the coil lengths of both
DD coils are equal to pole pitch 7 of the power supply rail,
the receiver coils are called full-pitch coils. The mixed-pitch
receiver coils consist of three rectangular coils (denoted as coily,
coily, and coils) connected in series, and every two adjacent coils
are wound in opposite directions. Coil widths are the same as
that of the full-pitch coils, whereas coil lengths are 0.57, 7, and
0.57, respectively. Since the receiver coils are composed of coils
with different lengths, the receiver coils are called mixed-pitch
coils. The total length of the receiver coils is 27 and the numbers
of turns of all coils in the two sets of coils are the same.

In terms of the spatial relative position, full-pitch and mixed-
pitch receiver coils are overlapped in the vertical direction.
Compared with the coils of conventional multiple receivers [9],
[10], the full-pitch and mixed-pitch coils in the proposed receiver
do not need to be spatially displaced along the driving direction,
thereby greatly reducing the aspect ratio of the receiver and the
space occupation ratio of the chassis.

In terms of the circuit connection, full-pitch and mixed-pitch
receiver coils are rectified to supply power to the on-board bat-
tery, respectively. As shown in Fig. 3(a) and (b), they can be con-
nected in series or parallel after rectification. In Fig. 3, r, and L,,,
respectively, indicate the internal resistance and self-inductance
of the transmitter coil and C), and I}, respectively, indicate the
resonant capacitor and the current in the transmitter coil. Simi-
larly, the corresponding parameters of the full-pitch and mixed-
pitch coils are, respectively, indicated as 7rs_fuil, 7s—mixeds
Ls ran, Ls—mixeds Cstfull’ Csfmixed’ I o, and I mixeds
whereas My,;1 and M yixed, respectively, indicate the mutual in-
ductance between the transmitter coil and the two sets of receiver
coils. M’ represents the cross coupling between the full-pitch and
mixed-pitch coils. For the proposed receiver, M’ is zero since the
mixed-pitch coils are designed to be decoupled from the full-
pitch coils. The decoupling design is discussed in Section III.
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B. Working Principle

The proposed dual-layer receiver is mated with power supply
rails with alternately arranged poles, such as I-type, S-type, and
N-type rails. When the receiver is mated with the N-type power
supply rail, the structure diagram is shown in Fig. 2(c). The
output power fluctuation is reduced by maintaining the two sets
of receiver coils’ output voltage with the receiver position x at a
spatial phase difference of 90° along the driving direction.

When the receiver is mated with power supply rails with
alternately arranged poles, the mutual inductance M between
a single rectangular receiver coil and the transmitter coil varies
approximately sinusoidally with the receiver position x [15].
The relationship between M and x is expressed as

M = My, - sin (gx) (1
where M, .« indicates the magnitude of the mutual inductance.
The mutual inductance M reaches its maximum value when the
receiver coil is located directly above the magnetic pole, and
drops to zero when the receiver coil is located directly above the
central line of two adjacent poles. In this article, x = 0 is defined
as the position when coily in the mixed-pitch coils is located
above the magnetic pole.

To simplify the analysis, this article uses the concept of an
electrical angle to represent the length of the receiver coil. A
pair of magnetic poles in the power supply rail is defined to
correspond to an electrical angle of 360°. Then, the relationship
between the pole pitch 7 and the electrical angle satisfies the
following equation:

27 = 360°. 2)

In the full-pitch receiver coils, the electrical angle of each
DD caoil is 180°. Since the winding directions of two DD coils
are opposite, the mutual inductance My,); between the full-pitch
coils and the transmitter coil satisfies

. ™ . ™
Mean = My _inax - sin (—x) — Moy - sin (—x + 7T)
T T

= 2M . max - SID (Ix) (3)

T

where M.« indicates the magnitude of the mutual induc-
tance between a D coil and the transmitter coil. For the mixed-
pitch receiver coils, the electrical angles of coily, coily, and
coilg are «, 3, and «, respectively. Since the total length of
the mixed-pitch coils is 27, o and [ satisfy

200+ B = 360° “)

According to the relative position relationship between the
full-pitch and the mixed-pitch coils shown in Fig. 2(b), the mu-
tual inductances between the three coils in mixed-pitch coils and
the transmitter coil can be expressed in (5) and the corresponding
curves are shown in Fig. 4(a)

Mcoill - Ma—max - sin (gl’ - g + %)

_ : ™ T
McoilQ - Mﬁfmax - s1n (;SU - 5) (5)
Mcoi13 = Mafmax - sin (g!l? - % - %)

where M, _max and Mpg_ax are the mutual inductance ampli-
tudes between the transmitter coil and each receiver coil in the
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Fig. 4.

Phasor diagrams of induced voltages’ rms values in the two sets of receiver coils versus receiver’s position x. (a) Mutual inductance versus receiver’s

position x. (b) Phasor diagram of induced voltages when x = 0. (c) Phasor diagram of induced voltage when x = 0.257.

mixed-pitch coils, respectively. The magnitudes are related to
the coil size, the core structure, and the coil’s relative position,
and will be analyzed in Section III.

The mutual inductance M, ixeq between the mixed-pitch coils
and the transmitter coil is the algebraic sum of Mcoi11, Mcoil2,
and M3 and can be simplified as

(6)
The dual-layer receiver is symmetrical and there is no cross
coupling between the full-pitch coils and the mixed-pitch coils.
Therefore, the two sets of receiver coils’ voltages are only
induced by the transmitter coil. Through a reasonable design,
the amplitudes of the mutual inductance between the transmitter
coil and two sets of receiver coils are the same and satisfy the
following equation:

s ™
—r — —

(e .
Mmixcd - (2Ma7max . COS§ + M,Bfmax) + s (T D)

(0%
2Mr max= 2Ma - max - COS§

_ Then, the induced voltages generated in the two sets of coils
Utann and Upixeq are expressed as follows:

+ Mﬂfma)v (7)

Ufullz 2jwij7r7max - sin (2.13)

Umixed: 2,jWIp]\iﬂ—max - sin (ggj -

i ®)

2

).

It can be seen from the above equation that Ufun and Umixed
maintain a spatial phase difference 90° along the driving direc-
tion. When x = 0 and x = 0.25 7, the phasor diagrams of the
induced voltages’ rms values in the two sets of coils (denoted as
Uty and Upixeq) are shown in Fig. 4(b) and (c), respectively.
In Fig. 4, the projection of the voltage phasor on the x-axis is
used to represent the rms value of the induced voltage.

From Fig. 4, we can draw the following conclusions. First, as
the receiver moves along the driving direction, the rms value
of induced voltages in coil; and coils (denoted as U,) and
the rms value of the induced voltage in coily (denoted as Up)
maintain a spatial phase difference of +«/2, respectively, and
Utan and Upixeq always maintain a spatial phase difference of
90°. Second, when x = k7, Upixeq reaches the maximum value,
Uty drops to 0, and when x = k7 £ 0.57, the opposite is true.
Third, when x = k7 4= 0.257, Upy 1s equal to Upixed-

When the coil’s internal resistance is ignored, rectifier output
voltages of the full-pitch coils, the mixed-pitch coils, and their

— = Full pitch
— = Mixed pitch
Parallel
Series

1.6

Normalized Induced Voltage

Driving Distance x

Fig. 5. Rectifier output voltages versus receiver’s position x.

different connection modes are shown in Fig. 5. In the figure,
AU% represents the output fluctuation factor and defined as

Umax - Umin

AU% - Umax

x 100%. )

As shown in Fig. 5, compared with the conventional dual-DD
receiver coils, the proposed receiver can reduce the output
fluctuation factor AU% from 100% to 29% by connecting
full-pitch and mixed-pitch receiver coils in series or parallel
after rectification. In this way, the output stability is significantly
improved. The connection mode of the two sets of receiver coils
only affects the amplitude of the output voltage, but it does not
affect the output fluctuation factor AU%.

When the two sets of coils are connected in parallel after
rectification, only the set with a higher rms value of induced
voltage is working, whereas the other set does not turn ON due
to the reverse blocking of arectifier diode. As the receiver moves,
the two sets of coils work alternately and the maximum output
voltage is equal to the output voltage amplitude of a single set
of coils. The average output power during the DWC process is

T

w - I, - max (| M| ‘Mmixedl)fdx

P _ l/r (m .
o~p TJo RL
m2wI2M? 2
— Y4 T—max 1 = 10
St ( H) (10)

where Ry, indicates the equivalent resistance of the battery.
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Fig.6. Schematic diagram of the conventional dual-DD receiver. (a) Bird view.
(b) Main view.

When the two sets of coils are connected in series after
rectification, both of them turn ON at the same time. The output
voltage is equal to the sum of the two sets of coils’ output
voltages and the maximum value is \/2 times of the amplitude
of a single set of coils. As the receiver moves, the average output
power during the DWC process is expressed as

B 1 /7- (QL\@ Cw - Ip . (|Mfull| + ‘Mmixed|))2d‘x
T

0 Ry

_ ﬂ-zszgszmax 2 + é
4RL ™ '

According to (10) and (11), the output power of series con-
nection mode is twice of the parallel connection mode. In order
to obtain the same output power, the parallel connection mode
requires the higher current in the transmitter coil, thus increasing
the loss of transmitter. However, the parallel connection mode
can avoid the influence of cross coupling between the two sets
of receiver coils on the output, whereas the series connection
mode cannot avoid it [10]. For the proposed receiver, there is
no cross coupling between the two sets of coils. Therefore, the
series connection mode is more suitable since the higher output
power can be obtained.

an

C. Comparison With Conventional Dual-DD Receivers

The proposed receiver is compared with the conventional
dual-DD receiver in terms of aspect ratio, output fluctuation,
output power amplitude and cross coupling between receiver
coils. A conventional dual-DD receiver (see Fig. 6) is composed
of two identical full-pitch coils. For the convenience of compar-
ison, the parameters such as the size, the number of turns, and
the wire diameter of full-pitch coils are the same in the proposed
and conventional receivers.

In the conventional dual-DD receiver, the U—x curves of the
two full-pitch coils should maintain a spatial phase difference of

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

90° to reduce the output fluctuation factor. Therefore, two sets
of coils should be placed at an offset distance of 0.57 along the
driving direction. During the dynamic charging process, induced
voltages in two sets of receiver coils satisfy
Ufullflz 2jwjpj\4DDfmax - sin (gl‘) (12)

Usal-2= 2jwl, Mpp-max - sin (Zz — 5 ) .

In terms of the aspect ratio, the total length of the receiver
coils in the conventional dual-DD receiver is 2.57 and the width
1S Weoil. Therefore, the aspect ratio Aconventional 1S

2.57

Weoil

Aconventional = (13)

In the proposed receiver, the full-pitch coils or the mixed-pitch
coils need not to be misplaced, so the total length of the coils is
only 27. Since the width remains unchanged, the corresponding
aspect ratio Aproposed 15

2T

Weoil

)Lproposed = (14)

According to (13) and (14), the aspect ratio of the proposed
receiver is 20% lower than that of the conventional one. It can
reduce the space occupation ratio of the chassis and improve
the off-road performance of the vehicle. In addition, it can also
reduce the amount of receiver ferrite cores. Therefore, the cost
and self-weight of the on-board receiver can be decreased.

In terms of the output fluctuation, U—x curve of the proposed
receiver is exactly the same as that of the conventional dual-DD
receiver. Therefore, their output fluctuation factors AU% are
both 29%.

In terms of the output power amplitude, since the size of full-
pitch coils are the same, mutual inductance amplitudes between
the transmitter coil and the full-pitch coils in the two structures
are the same, indicating that Mpp_max = My—max. According
to (8) and (12), the output power amplitudes of two receivers are
the same.

In terms of the cross coupling between receiver coils, there
is no cross coupling between the two sets of coils in the pro-
posed receiver. However, in the conventional dual-DD receiver,
two full-pitch coils are coupled with each other. As shown in
Fig. 6(b), the full-pitch receiver coils 1 (the red part) is composed
of a decoupled coil and a coupled coil. The decoupled coil is
orthogonal to the other full-pitch receiver coils (the green part),
whereas the coupled coil is coupled with the other full-pitch
receiver coils.

Therefore, in engineering applications, the conventional dual-
DD receiver requires an additional decoupling inductance to
eliminate the cross coupling between the two sets of receiver
coils [19]. Otherwise, the energy transfer exists between the re-
ceiver coils, thus increasing the reactive power of the system and
reducing the output power amplitude. However, the additional
decoupling inductance will bring out the following problems.
First, the cost and weight of the receiver are increased. Second,
the self-inductance and internal resistance of receiver coils are
increased, thus resulting in the higher voltage stress of the
resonance capacitor and the lower coil-to-coil efficiency. Third,
the precious installation space in the vehicle is occupied and it
is difficult to shield the generated electromagnetic radiation.
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TABLE I
COMPARISON BETWEEN THE PROPOSED RECEIVER AND CONVENTIONAL
DUAL-DD RECEIVER

Average output

Fluctuation .
power(Series-

Aspect Receiver  Cross

Structures

ratio A length  Coupling factor AU% connection)
A 2.57 _ PO LM . 4
Conventional 2.57  Existent 29% e P |
Wp, 4R, T
27 Non- ' I’M? 4
o M 4
Proposed o 2t existent 29% T ra— 2+ ”)

Pu L

Receiver

Power supply rail

(0:=0°)
Fig. 7.  Electric vehicle turning diagram.
TABLE II
PARAMETERS OF SIMULATION MODEL
Parameters Symbols Values Parameters Symbols Values
Air gap h 200 mm Pole pitch 7 600 mm
Pole shoe length Iy 300 mm Pole body length L, 300 mm
Pole shoe width wp 200 mm Pole body width W, 100 mm
Pole shoe thickness t 10 mm Pole body height h, 100 mm
Pole yoke width w; 100 mm Receiver core length Lore 1300 mm
Pole yoke thickness t 30 mm Receiver core width Weore 800 mm
Receiver coil width Weoir 800 mm Receiver core thickness teore 10 mm
Number of turns of N Number of turns of N 5
P N

transmitter coil receiver coil

In the proposed receiver, there is no cross coupling between
the mixed-pitch coils and the full-pitch coils. Therefore, the
proposed receiver can avoid the above problems.

The comparison between the proposed dual-layer receiver and
the conventional dual-DD receiver is provided in Table I.

D. Output Fluctuation During Vehicle Turning

In engineering applications, it is necessary to consider the
situation of vehicle turning. Fig. 7 shows the relative position
relationship between the receiver and the power supply rail
during the vehicle turning process. The angle between the two
power supply rails is 120° and the driving track of the receiver
center is shown in the red arc. During the vehicle turning process,
the receiver is misaligned and deflected, and the angle between
the receiver and the power supply rail is also changed.

The mutual inductance between the transmitter coil and each
receiver coils during the vehicle turning process was obtained
through finite element simulation. The parameters of the simu-
lation model are as listed in Table II.
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Fig. 8. Rectifier output voltages versus turning angle 6y,.

Based on the simulation results, the relationship between the
rectifier output voltage and the turning angle ¢}, is obtained (see
Fig. 8).

The results in Fig. 8 are summarized as follows. First, when
the vehicle drives on a straight road, the output voltage fluctu-
ation is 29%. During the turning process, the output voltage
fluctuations of series and parallel connection modes are, re-
spectively, increased to 53.5% and 45.4%. Second, the output
voltages of full-pitch coils and mixed-pitch coils first decrease
and then increase with the increase in the turning angle 6}, and
the minimum value occurs when 6, = 30°. However, both sets
of receiver coils still maintain the same output amplitude. Third,
the output fluctuation factors of both connection modes are not
the same any more and the parallel connection mode has a lower
voltage fluctuation factor.

In summary, during the vehicle turning process, though the
output voltage fluctuation increases compared with that obtained
under the straight-line driving conditions, the proposed receiver
can avoid zero output. In engineering applications, the DWC
should be mainly concentrated on the straight-line driving con-
ditions, and the turning process is generally so short. Thus, the
increase in the output fluctuation caused by vehicle turning has
little effect on the overall charging process of the system.

E. Extension of the Proposed Receiver

For vehicles with a large chassis installation space such as
electric buses, the proposed dual-layer receiver can be extended
to be multiple receivers through multiple connections so as
to further reduce the output fluctuation factor. The structure
diagram of the quadruple receiver extended from two proposed
dual-layer receivers is shown in Fig. 9(a).

The quadruple receiver consists of two proposed receivers
spaced apart by 2.75 7 along the driving direction and the two
receivers have a spatial phase difference of 135°. Since there is
a distance of 0.75 7 between two receivers, the cross coupling
between them can be ignored. According to (8), the rectified
output voltages of two sets of full-pitch coils and two sets of
mixed-pitch coils in the quadruple receiver have a spatial phase
difference of 45° along the driving direction. Therefore, when
the receiver moves the distance of a pole pitch 7, the load output
voltage U, pulses four times, so that the output fluctuation factor
can be further reduced. When the internal resistance of the
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Fig. 9. Quadruple receiver extended from two proposed receivers.
(a) Schematic diagram of the quadruple receiver. (b) Rectifier output voltages
versus receiver’s position x.

receiver coil is ignored, the output voltage curves (U—x curve)
of the quadruple receiver in different connection modes shown
in Fig. 9(b) can be obtained.

As shown in Fig. 9, the quadruple receiver can further reduce
the output fluctuation factor AU% from 29% to 7.6%, indicating
that the output fluctuation can be significantly decreased. Simi-
larly, the output fluctuations of both series connection mode and
parallel connection mode are the same.

For the quadruple receiver extended from two proposed dual-
layer receivers, the total length is 4.75 7 and the aspect ratio X is:
4.75 T/Weoil- As for the quadruple receiver [10] extended from
conventional dual-DD receivers, the total length is 5.75 7 and
the aspect ratio is 5.75 7/w..;1. Therefore, the aspect ratio of the
quadruple receiver extended from the proposed dual receiver
is 17.4% lower than that of the conventional quadruple-DD
receiver. In summary, when the proposed receiver is extended
as multiple receivers, it still has the advantage in reducing the
aspect ratio.

III. DESIGN OF THE PROPOSED RECEIVER

In the proposed receiver, the structure of the full-pitch coils
is fixed by the pole pitch 7. However, as for the mixed-pitch
coils, except the external overall size, the symmetry of the coils,
the size and the numbers of turns of coil;, coils, and coilz are
all designable. These parameters affect the mutual inductance
between the transmitter coil and the mixed-pitch coils and the
cross coupling between the receiver coils. Therefore, the mixed-
pitch coils are the key in the design of the proposed receiver. This
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Fig. 10. Asymmetrical dual-layer receiver. (a) Structure diagram of the asym-
metrical receiver. (b) Phasor diagram of the induced voltages when x = 0.
(c) Rectifier output voltages versus receiver’s position x.

section first gives the design method of the mixed-pitch coils,
then analyzes the loss and efficiency of the system, and finally
explores the influence of vehicle chassis on the magnetic coupler.

A. Structural Symmetry of the Mixed-Pitch Coils

According to the lengths of coil; and coils, the mixed-pitch
coils can be divided into symmetrical and asymmetrical struc-
tures. When the lengths of coil; and coils are the same, the struc-
ture of mixed-pitch coils is symmetrical, as shown in Fig. 2(b).
The rms values of the induced voltages in the two sets of coils
(Ugann and Uppixeq) are maintained at a spatial phase difference
of 90° so that the lowest output fluctuation can be obtained. In
addition, coils is orthogonal to the full-pitch coils, so that there
is no cross coupling between full-pitch and mixed-pitch coils.

When the lengths of coil; and coils are not the same, the
structure of mixed-pitch coils is asymmetrical. The asymmetric
structure affects the output fluctuation factor and cross coupling
between the receiver coils.

Fig. 10(a) shows the schematic diagram of the proposed
receiver when electrical angles of coil;, coily, and coils are
80°, 150°, and 130°, respectively. Phasor diagrams of Upy); and
Uixed are shown in Fig. 10(b).

In the asymmetric mixed-pitch coils, the rms values of induced
voltages in coil; and coilz (denoted as U, and U,) are not the
same and their phase differences with the rms value of coils (de-
noted as Upg) are not the same any more (see Fig. 10). Therefore,
the amplitude of the induced voltage U yixeq in the mixed-pitch
coils decreases and Uty,) and Upixed Cannot maintain a spatial
phase difference of 90°along the driving direction any more.

In the asymmetric receiver shown in Fig. 10(a), the rela-
tionship between the output voltage after rectification and the
receiver position x is shown in Fig. 10(c). In the symmetrical
structure, the output voltage fluctuations AU% is 29%. In the
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Fig. 11. Cross-coupling mutual inductance between full-pitch and mixed-
pitchreceiver coils versus the length of the first short-pitch coil in the mixed-pitch
coils (leoil1)-

asymmetrical structure, AU% of series and parallel connection
modes are 47.6% and 46%, respectively. Thus, the asymmetric
structure can increase the fluctuation factor of the output voltage.

The influence of the mixed-pitch coils’ structural symmetry
on the cross coupling between the receiver coils was explored
by finite element simulation.

In simulation models, the total length of the receiver coils
is kept constant at 2 7. Except for the length of each coil in
the mixed-pitch coils, other parameters remain unchanged, as
listed in Table II. The asymmetry of the mixed-pitch coils can
be adjusted by changing the lengths of coil;, coils, and coils.
The cross-coupling mutual inductance M’ between full-pitch and
mixed-pitch coils is shown in Fig. 11.

The simulation results in Fig. 11 are summarized in the
following. First, the cross coupling between the full-pitch and
the mixed-pitch coils is only affected by the symmetry of the
mixed-pitch coils. The worse the coils’ symmetry is, the larger
the cross-coupling mutual inductance is. Unless the mixed-pitch
coils are symmetrical, the cross coupling between two sets of
coils cannot be zero. Second, when the lengths of coil; and
coilg are the same, the length of coily does not affect the cross
coupling between two sets of coils. Therefore, it is not necessary
to consider the cross coupling in the design of the size of coils.

The coupling coefficient k between the transmitter coil and
mixed-pitch coils and the quality factor Qpixeq Of the mixed-
pitch coils are, respectively, defined as follows:

Mmixed

k= —— 15
\/ Lp . Lsfmixed ( )
w - Lsfmixc
Quixed = ———2 (16)

Ts—mixed

In the same way, the relationship between the two parameters
defined above (quality factor Qi ixeq and the coupling coefficient
k) and the length of coil; (denoted as /..i11) can be obtained by
finite element simulation (see Fig. 12).

The simulation results in Fig. 12 are summarized in the follow-
ing. First, when the length of coily (denoted as /.4;2) is fixed,
coupling coefficient k and quality factor Qy,ixeq are affected
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by the mixed-pitch coils’ symmetry. Unless the mixed-pitch
coils are symmetrical, k or Qyixeq cannot reach their maximum
values. Second, the length of coils (I.0112) affects the maximum
values of k and Q nixed. When .12 = 7, the mixed-pitch receiver
coils have the maximum coupling coefficient.

Similarly, the numbers of turns of coil; and coils should be
the same in order to ensure the symmetry of the mixed-pitch
coils. Since the analysis process is basically the same, it will not
be described here.

In summary, compared to the symmetrical mixed-pitch coils,
the asymmetric structure has four disadvantages of large output
fluctuation factor, cross coupling, low coupling coefficient k and
low quality factor Qixed. Therefore, it is necessary to ensure
the symmetrical mixed-pitch coils in the design of the proposed
receiver.

B. Size Design of the Mixed-Pitch Coils

After completing the structural symmetry design of the
mixed-pitch coils, the induced voltages U,y and Unixeq in the
two sets of coils are always maintained at a phase difference
of 90° along the driving direction. Then, the designed size and
number of turns of coils in the two sets of coils should ensure
that the amplitudes of Uy, and Upyixeq are the same so that the
proposed receiver has the lowest output fluctuation factor.

Based on the simulation model listed in Table II, the coil width
is changed for the simulation. As the coil width increases, the
mutual inductance and coupling coefficient between the trans-
mitter and receiver coils increases. When the coil width weo;
reaches 47/3, the coupling coefficient k reaches the maximum.
Therefore, the receiver coil width is determined as 47/3.

Similarly, through changing the length of each coil in the
simulation models, the relationship between mutual inductance
amplitude and coil length is explored. The simulation results
are shown in Fig. 13. It is worth noting that since coils coil; and
coilg are of the same length, the mutual inductance magnitudes
between the transmitter coil and the two coils are the same.

The simulation results in Fig. 13 are summarized in the
following. First, with the increase in the receiver coil’s length,
the mutual inductance increases first and then decreases. If the
wire diameter is ignored, the mutual inductance reaches the
maximum value when the length of the receiver coil is equal
to the pole pitch 7. Second, the mutual inductance is affected by
the relative positions of the receiver coil and the receiver core.
When the coil is located at the middle of the core, the mutual
inductance amplitude (12.42 pH) is 112% of that when the coil
is located at the side of the core (11.10 pH).

The above results may be interpreted as follows. When the
N-type power supply rail is energized, equivalent magnetic poles
of alternating N and S are generated along the driving direction,
and the spacing between adjacent poles is 7. Along the driving
direction, the magnetic field is in the same direction within the
distance of £0.5 7 above the magnetic pole. Therefore, when
the length of the receiver coil increases from 0 to 7, the magnetic
flux passing through the receiver coil increases and the mutual
inductance gradually increases and reaches the maximum when
leoit = 7. When the coil length is longer than the pole pitch 7,
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one part of the magnetic flux passing through the coil is in the
opposite directions and will offset partial flux, so that the net
coupling magnetic flux and the mutual inductance decrease.
Since the length of the receiver core is limited, the mutual
inductance amplitude is related to the relative positions of the
receiver coil and the receiver core. When the receiver coil is
located on the side of the core, the mutual inductance decreases
due to the core end effect.

To ensure the symmetry of the mixed-pitch coils, the length
and turns of coil; and coils are the same. In the design of
the length of each receiver coil in the mixed-pitch coils, it is
necessary to discuss whether the number of turns of the coils
(denoted as NNg) and the number of turns of coil; and coils
(denoted as N,) are the same. When the turns of all the three
coils are equal (N, = Npg), the total amount of wire lyize Of
the mixed-pitch coils is independent of the length ratio of each
coil. By substituting the mutual inductance amplitudes of coily,
coily, and coilg shown in Fig. 13 into (6), the mutual inductance
between the transmitter coil and the mixed-pitch coils can be
calculated. The calculation and simulation results with different
lengths of the coils (l.oi12) are shown in Fig. 14. Since the
total length of the mixed-pitch coils is 27, (4) indicates that the
length of each coil in the mixed-pitch coils satisfies the following
equation:

leoitn = leoitz = 27 — leoil2- a7
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Fig. 14.  Mutual inductance versus the length of the middle coil in the mixed-
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As shown in Fig. 14, the maximum error between the mutual
inductances, calculated by (6) and obtained from the finite
element simulation, is only 2.1%, thus verifying the theoretical
analysis in Section II. Theoretical calculations and simulation
results both show that when the numbers of turns of coily,
coily, and coils are the same, the mutual inductance between
the transmitter coil and the mixed-pitch coils increases first and
then decreases with the increase in l.o;2. When the length of
coils satisfies the following equations: /.oi11 = lcoits = 0.5 7 and
leoil2 = T, the mutual inductance reaches its maximum value.

When the numbers of turns of coils are not the same (N, #
Ng), the total amount of wire in the mixed-pitch coils (/yire) is
related to the length of each coil. When the diameter of coil is

ignored, Ly, satisfies the following equation:
lwirc - 4Na . (Zcoill + wcoil) + 2Nﬁ : (lcoiIQ + wcoil)~ (18)

Then, the mutual inductance between the transmitter coil and
the mixed-pitch coils is

Mmixedfmax = 2]\]oz]\4ozﬂmax . COS% + N/@MB*max~ (]9)

It is difficult to obtain the influence of coil turns on the system
from (18) and (19), so we use the increments of the mutual
inductance and wire amount in the analysis. When the numbers
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Fig. 15. Increments of mutual inductance (AM) and wire amount (Al) versus
the length of the middle coil in the mixed-pitch coils (/coi12)-

of turns of coily, coily, and coils are, respectively, increased
by only one turn, the increments of wire amount (denoted as
Alyire—p and Alyire—q) are expressed as

{Alwireﬂ =2 (lcoi12 + wcoil)

20
Alwire—(x =4 (lcoill + wcoil)- 20

The increments of the mutual inductance between the trans-
mitter coil and the mixed-pitch coils (denoted as AM, and
AMyp) are expressed as

{AMQ = 2M,_nax * COS (%)

(2D
AMg = Mp_ax.

When wcoi1 = 47/3, according to (20) and (21), the rela-
tionships between Alyire—g, Alwire—a>» AMpg, and AM,, are
obtained (see Fig. 15).

The results in Fig. 15 are summarized in the following.
First, with the increase in l.pi2, Alwire—p increases linearly,
but Alyire—o decreases linearly (Alyire—q i always greater than
Alyire—p). Second, the increments of mutual inductances (AMpg
and AM,) increase first and then decrease with the increase in
leoil2, and it reaches its maximum value when o0 = 7.

Therefore, when [..;2 = 7, the mutual inductance increment
can be maximized with the less increment of wire amount.
Therefore, in the design, the size of each coil should satisfy
the following equation:

(22)

Zcoill = lcoilB = 0~57—7 lcoilZ =T.

In summary, the length of each coil in the mixed-pitch coils
should satisfy (22) and the number of turns of each coil should
be specifically designed according to the output power require-
ments.

C. Effieciency and Loss Calculation

Efficiency is an important index in the DWC system for EV.
The ratio of output power P, to inverter output power Py, is
defined as ac—dc efficiency (denoted as nac-pc) and it satisfies
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the following equation:
P P
flac-be = -Pl N Po+PCu+PFe+PCap+Prectiﬁer
(23)

where P, indicates the copper loss of coils, Pg, indicates
the core loss in ferrite, Pc,, indicates the capacitor loss, and
P.cctifier indicates the receiver rectifier loss.

The copper loss Pcy, includes two parts: the loss caused by
skin effect (denoted as Pgyin ), and the loss caused by proximity
effect (denoted as Ppox) [20]

PCu = Iskin + Pprox~ (24)

The loss caused by skin effect can be calculated as [21]

AN\ 2
I
Pskin :n'Rdc'FR(fO) : <n> ‘lwirc (25)

where n is the number of strands of Litz wire, R4, is the dc
resistance per unit length of a single strand, I is the current
peak value, and Fz( fo) is a function of current frequency [21].

The loss caused by the proximity effect can be calculated as

Pprox = Pprox,e + Pprox,i

. 12
2
- ]{n.RdC -Gr(f)- <H + 2ﬂ2d3> dlyire (26)

where G r(f) is another function of current frequency, H, isthe
magnetic field strength passing through the conductor, and d, is
the outer diameter of the overall Litz wire. The loss caused by the
proximity effect can be divided into two parts: the loss caused by
the internal magnetic field strength of the neighboring strands
(denoted as P,ox,i), and the loss caused by the external magnetic
field strength (denoted as Pprox.e). Pprox,e can be obtained by

integrating the magnetic field strength H, passing through the
conductor along the path of each coil with the aid of the finite
element simulation software.

The loss of ferrite core can be calculated with the Steinmetz
equation [20], [22]

Pre = // Ky - f¢ ~Bdedydz

where K, «, and [ are called Steinmetz coefficients and can
be calculated from the BP curve provided by the manufacturer.
The ferrite core used in this article is PC95 ferrite produced by
TDK Company. For this material, the Steinmetz coefficients are
calculated as follows: K;, = 0.5189, o = 1.5, and 8 = 2.44.

Capacitor loss Pcap can be calculated with its equivalent in-
ternal resistance. In this article, the equivalent internal resistance
of the resonant capacitor was measured at the working frequency
with an impedance analyzer.

The loss of rectifier Poctifier Can be obtained by the experi-
mental measurement or circuit simulation.

27)

D. Influence of the Vehicle Chassis on a Magnetic Coupler

The vehicle chassis is usually made of ferromagnetic materi-
als such as steel plate, which has high relative permeability [23],
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Fig. 16.  Simulation model of the magnetic coupler with vehicle chassis.

TABLE III
SIMULATION RESULTS OF MAGNETIC COUPLER’S SELF-INDUCTANCE AND
MUTUAL INDUCTANCE WITH OR WITHOUT VEHICLE CHASSIS

M/ul/-mux(uH) Mmlxml—mux(HH) L\-/ul/(IJ'H) L\-mlxa/(“H) L,,(}J.H)
Without chassis 22.26 22.01 174.0 181.9 180.4
With chassis 22.45 22.03 175.7 182.3 181.5
Change +0.85% +0.09% +0.97%  +0.22%  +0.61%

[24]. In engineering applications, it may affect the magnetic field
distribution of the magnetic coupler [25], [26]. In order to reduce
the influence of metal chassis, a flat receiver core is adopted in
the proposed receiver for shielding.

The influence of metal chassis on magnetic coupler is an-
alyzed by finite element simulation. The simulation model is
shown in Fig. 16. The high-quality carbon structural steel 1010
(2000 mm x 1500 mm x 10 mm) is used to replace the vehicle
chassis and the distance between the steel plate and the receiver
core is 3 cm. The parameters of the magnetic coupler are kept
unchanged.

Table I1I gives the simulation results of mutual inductance and
self-inductance of the transmitter coil and receiver coils with or
without the metal chassis.

The simulation results show that the mutual inductance or
self-inductance of the transmitter coil and receiver coils has not
been changed even though the influence of the vehicle chassis is
considered. The result verifies that the flat receiver core can well
shield the magnetic field of the magnetic coupler. The vehicle
chassis has little influence on the performance of the magnetic
coupler.

IV. EXPERIMENTAL EVALUATION
A. Prototype System

To verify the advantages of the proposed receiver, an experi-
ment prototype shown in Fig. 17 was built. The transmitter of the
prototype used an N-type power supply rail with a total length
of 3.6 m. The widths of the full-pitch and the mixed-pitch coils
are both 47/3 (800 mm) and the total length is 27 (1200 mm).
The length of each coil in the mixed-pitch receiver coils satisfies
that: leoiln = leoits = 300 mm, /¢0512 = 600 mm. The air gap of the
magnetic coupler was 20 cm and the operating frequency was
selected to 20 kHz due to the inverter. All the other parameters of
the prototype are listed in Table II. In the prototype, full-pitch and
mixed-pitch coils were connected in series after rectification and
the battery load was simulated by using a water tank resistance of
12.3 Q. The equivalent circuit of the system is shown in Fig. 3(a).
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Fig. 17.  Experimental prototype. (a) Overall view of the experimental proto-
type. (b) Mixed-pitch receiver coils. (c) Full-pitch receiver coils. (d) Resistance
load. (e) High-frequency inverter.

TABLE IV
MEASURED PARAMETERS OF THE PROTOTYPE

Parameters Symbols Values  Units
Inductance of transmitter coil L, 174.1 pH
Inductance of the two sets of receiver coils Logun 147.3 pH
s-mixed 190.1
Internal resistance of transmitter 7y 784  mQ
Internal resistance of the two sets of Focfull 55.9
receivers Fsomived 67.6 mQ
Resonant capacitor of transmitter coil C, 0.36 uF
Resonant capacitor of the two sets of Cypit 0.43 F
receiver coils Comixed 033 *
Mutual inductance between transmitter Mittmax 21.8
coil and receiver coils Myiceamax 217 wH
Cross coupling between receiver coils M 2.0 pH

The parameters of the prototype (see Table IV) were measured
by an impedance analyzer.

From the measurement results listed in Table IV, it can be seen
that there is almost no cross coupling between full-pitch and
mixed-pitch coils in the prototype. Therefore, the symmetrical
mixed-pitch coils can eliminate cross coupling between the two
sets of receiver coils. The measured value of mutual inductance
between two sets of coils is 2 pH since the fabrication error
in the fabrication process of the experimental prototype makes
coily and coils are not completely symmetrical.
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Fig. 18. Measured mutual inductance. (a) Mutual inductance between the
transmitter coil and the receiver coils. (b) Mutual inductance between the
transmitter coil and three receiver coils in the mixed-pitch coils.

B. Measurments of Mutual Inductance

When the receiver moved along the driving direction, the
mutual inductance between the transmitter coil and receiver coils
was measured with an impedance analyzer. The measurement
and simulation results are shown in Fig. 18.

The measured Me,;1—x curve and the M, ixeq—X curve were
approximately coincident with the simulation results with the
maximum error of 4.31% (see Fig. 18). The result proved the
accuracy of the finite element simulation. During the movement
of the receiver, Mgy and M yixeq varied sinusoidally with x and
maintained a phase difference of 90° along the driving direction.
Besides, the amplitudes of them were the same. For the M ;11 —x,
M oi2—x, and M.;3—x curves, the maximum error between the
measured and simulation results was 5.35%. M..j1 and M .13
had the same amplitudes and maintained a phase difference of
+45° with M2 along the driving direction, respectively. In
summary, the measured mutual inductance shown in Fig. 18
was consistent with the theoretical analysis, thus proving the
working principle analysis in Section II.

C. Output Voltage Fluctuation

The high-frequency inverter used in the experiment shown in
Fig. 17(e) adopted insulated gate bipolar transistor (IGBT) de-
vices and the constant-current control method. When the system
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was working, the waveforms of the inverter output voltage and
the transmitter coil current were obtained (see Fig. 19).

To verify whether the proposed receiver can effectively reduce
the output fluctuation factor, the output voltage across the load
was measured during the movement of the receiver. Fig. 20
shows the waveforms of the load voltage and the transmitter
coil current during the movement of the receiver.

The maximum output power was 10.54 kW during the move-
ment of the receiver (see Fig. 20). The load voltage periodically
fluctuated with the change in the position of the receiver. The
maximum and minimum values were, respectively, 360 and
228 V and the output fluctuation factor was 36.7%. The ex-
perimental results were consistent with the theoretical analysis
in Section II, verifying that the dual mixed-pitch receiver could
effectively reduce the output fluctuation under the premise of
ensuring a low aspect ratio.

The experimental results showed that the measured output
fluctuation factor was slightly larger than the theoretical value
(29%). The difference might be interpreted as follows. First, it
was necessary to move the receiver of the prototype manually,
so the receiver inevitably had the lateral displacement during
the movement and the minimum value of the output voltage was
decreased. Second, due to the fabrication error in the fabrication
process of the prototype, there is a small cross-coupling mutual
inductance between the two sets of receiver coils. Therefore, the
output fluctuation factor increases.
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Fig. 21.  System efficiency measurement (Ry, = 12.3 ).

D. Efficiency and Loss Analysis

Since the core loss of the magnetic coupler could not be
measured directly, the ac—dc efficiency nac.pc of the system
was measured in the article. In the experiment, the rms value of
the transmitter current I, was kept constant at 80 A. When the
receiver moved to the position with the highest output voltage,
the measured output power P, of the system was 10.25 kW
and the measured input power of the magnetic coupler P;, was
10.99 kW. The efficiency measurement results of each part are
shown in Fig. 21.

The measured ac—dc efficiency nac.pc of the system was
93.2% and the efficiencies of the rectifiers connected with the
full-pitch coils and the mixed-pitch coils were, respectively,
99.2% and 98.7%.

The total loss of the system except the inverter was measured
tobe 745 W and the losses of the two rectifiers were, respectively,
44.2 and 66.76 W. In the prototype, the measured internal
resistances of the resonant capacitance in the transmitter, the
full-pitch receiver, and the mixed-pitch receiver at 20 kHz were
29.6, 24.7, and 34.6 m(), respectively. However, the calculated
loss was 657.3 W (—11.8%), which was slightly less than the
measurement result because the eddy current losses in receiver
lifting device or connecting cable lugs were not considered in
the calculation process.

Fig. 22(a) shows the proportion of the calculated loss of each
part. The capacitor loss Pc,p, accounted for the highest propor-
tion (38.5%) of all losses, followed by the core loss (21.46%).
The result might be interpreted as follows. The high-power
WPT system required the high voltage withstand level for the
resonant capacitor, so the capacitor usually adopted the multiple
series connection mode to increase the voltage withstand level.
Therefore, the equivalent internal resistance of the capacitor
increases.

Fig. 22(b) shows the calculation results of the copper loss Pcy,
in the coils. Due to the large current in the transmitter coil, the
copper loss in the transmitter coil was significantly greater than
that of the two sets of receiver coils. The loss caused by skin
effect (Pskin) accounts for the main proportion, followed by the
external proximity effect loss FPpox,c. The internal proximity
effect losses Pyrox,; Was so small that it could be ignored.

Fig. 22(c) shows the calculation results of the losses of res-
onant capacitors Pcy,p in transmitter and receiver. The losses
generated by the capacitor of the transmitter (C},), the capacitor
of the full-pitch receiver (Cs_g) and the capacitor of the
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Fig. 22. (a) Calculated loss components contributing to the total losses of
the prototype at an output power of 10.25 kW. (b) Calculated copper loss
components in the transmitter coils and receiver coils. (c) Calculated capacitor
loss components in the transmitter and receivers.

mixed-pitch receiver (Cs_mixed) Were 189.4, 26.1, and 36.6 W,
respectively. The loss of the resonant capacitor in the transmitter
was much greater than that in both receivers.

V. CONCLUSION

This article proposes a dual-layer receiver with a low aspect
ratio for EV wireless power transfer system. It solves the main
problem of conventional DD receiver coils when it is mated with
the power supply rails with alternate magnetic poles, the sinu-
soidal fluctuation of the output power. In addition, it avoided the
disadvantages of high aspect ratio, limited installation space and
interphase coupling in the conventional dual-DD-type receiver.
Theoretically, simulation and experimental results proved that
compared with a conventional receiver, the proposed receiver
could reduce the aspect ratio by 20% with the same output
fluctuation factor and eliminate cross coupling between the
receiver coils. The experimental results showed that the output
fluctuation factor of the proposed receiver could be reduced to
36.7% with the maximum output power of 10.54 kW and ac—dc
efficiency of 93.2%.

In the dual-layer receiver, the mixed-pitch coils are the key in
the design. The coils must be symmetrical in order to eliminate
cross coupling between full-pitch and mixed-pitch coils. When
the length of each coil in the mixed-pitch coils satisfies the
following equations: lcoi11 = leoils = 0.5 7 and leop2 = 7, the
mutual inductance between the transmitter coil and receiver coils
reaches the maximum value and the amount of wire used in the
receiver is the least. The flat receiver core can well shield the
magnetic field of the magnetic coupler, so the vehicle chassis
has almost no influence on the performance of the system.

For the vehicles with a large chassis installation space, the
proposed receiver can be extended to multiple receivers through
multiple connections so as to further reduce the output fluctua-
tion factor. Compared with the conventional multiple receivers
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extended from dual-DD receivers, the new multiple receivers
can lower the aspect ratio and eliminate cross coupling between
receiver coils with the same output fluctuation factor.
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