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Abstract—In segmented dynamic wireless power transfer
(DWPT) systems, achieving a large spacing distance between
adjacent transmitter pads while minimizing output power fluc-
tuation often poses a significant challenge. This paper presents a
novel large-spacing segmented transmitter (Tx) track, incorpo-
rating rectangular-double-solenoidal pads (RDSPs). The RDSPs
are alternately positioned and orthogonally excited to produce a
nearly constant magnetic field for the receiver pad over a wide
range of dynamic displacement. Consequently, the proposed Tx
track achieves both a large-spacing design and minimal output
power fluctuation. Notably, the proposed design achieves a 107 %
spacing distance between adjacent Tx pads and maintains output
power fluctuation below 4%, marking a substantial improvement
compared to existing methods. This advancement significantly
reduces the copper and ferrite requirements in DWPT systems.
Furthermore, as the proposed approach operates without reliance
on detection and control mechanisms, it theoretically imposes no
limitation on the receiver pad’s moving speed. A comprehensive
optimal design methodology for the Tx track, accompanied by
a detailed design flowchart, is provided. The effectiveness of the
proposed design is validated through a 1 kW DWPT experimental
prototype.

Index Terms—Large-spacing, dynamic wireless power transfer,
lower output power fluctuation, segmented transmitter track.

I. INTRODUCTION

Dynamic wireless power transfer (DWPT) allows electric
vehicles (EVs) to acquire power while in motion. Thus, it is
a promising technology to overcome driving range anxiety or
eliminate the necessity of configuring heavy batteries for EVs.
The DWPT systems are expected to operate satisfactorily with
stable output characteristics over a wide range of displacement.

To mitigate the fluctuations of output power and power
efficiency during the DWPT process, consistent magnetic
coupling irrespective of the dynamic displacement should
be designed. According to the sizes of transmitter pad and
receiver pad, the magnetic couplers in the DWPT systems can
be classified into two categories. The first is long-track type
[1]-[4], as shown in Fig. 1(a). In this design, the length of
transmitter pad is significantly longer than that of the receiver
pad [5], such as I-type [6], S-type [7], and N-type [8]. These
long-track type designs can provide a continuous uniform
magnetic field to achieve a constant coupling coefficient
against the dynamic displacement, and thus simplify the circuit
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Fig. 1. Typical transmitter track types in DWPT systems.

and control designs. However, a disadvantage of this long-
track design is the comparatively low coupling coefficient,
which significantly degrades the power efficiency to a notice-
able extent and also gives rise to considerable electromagnetic
exposure. To improve the coupling performance and suppress
electromagnetic exposure, the second approach, termed as
segmented design, is developed [9]-[12]. Compared with the
long-track type, this approach includes multiple Tx pads
that have nearly identical sizes to the Rx pad to optimize
the coupling coefficient. Nevertheless, there still exist two
challenges as follows.

1) Output power fluctuation due to the spacing zone be-
tween the adjacent Tx pads, and
2) Cross-coupling between the adjacent Tx pads.

To establish a uniform coupling magnetic field and achieve
low power fluctuation against the wide-range displacement in
segmented DWPT systems, continuous segmented Tx tracks
without spacing distance have been widely studied, as illus-
trated by Fig. 1(b). In this way, the adjacent Tx pads of
the segmented Tx track are designed without spacing. Ref.
[13] uses rectangular coils wound overlap as the segmented
Tx track. In Refs. [14], [15], array rectangular pads with-
out spacing distance are constructed as a segmented track,
while Ref. [16] allocates DD continuously as a segmented
track. Moreover, an integrated design method based on the
continuous elongated Tx rectangular pads is proposed [17].
Although these segmented tracks without spacing distance
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can readily enhance the magnetic field between adjacent Tx
pads and suppress the power fluctuation, the cross-coupling
issue is severe. Such that, complex parameter designs for
compensation networks [14], auxiliary decoupling coils [15],
or additional mutual conductor designs [18] may be required to
alleviate the cross-coupling issue. Moreover, it is noteworthy
that continous placement of the Tx pads without spacing
distance also indicates a heavy usage in magnetic core and
wire.

It is straightforward to reduce the cross-coupling between
adjacent Tx pads and achieve a cost-efficient design by
configuring a segmented transmitter track with large-spacing
between adjacent Tx pads, as shown in Fig. 1(c). However,
such large-spacing designs have a common challenge, i.e.,
power fluctuation over the spacing region due to the decrease
of magnetic coupling, which can be observed in recent re-
search works [19]-[22]. For example, the power fluctuation
reaches 50% when the distance between adjacent Tx pads is
about 30% of the length of the Tx pad [22]. If the spacing
distance is large to some extent, null-coupling phenomena may
even be observed when the Rx pad is right above the spacing
zone [20]. It is possible to modify the Rx pads to mitigate the
power fluctuation by enlarging the Rx pad size or adopting
a more complex strucutre [23]-[25]. For example, Ref. [25]
wound solenoid coils around a long straight magnetic core
plate to configure a bipolar-nonsalient pole Tx pad, while
the Rx pad is designed with two much larger cross-tiled DD
coils. However, this approach results in a more complex and
cumbersome Rx side that demands much more installation
space, which is usually not suitable for vehicle assembly in
practice [26], [27].

Keeping simplifying the Rx pad in mind, our recent study
has proposed an alternately-arranged arrangement segmented
DWPT track, which allows a remarkable 50% spacing distance
while achieving power fluctuation suppression [28]. However,
due to inherent structural limitations, the magnetic field over
the spacing zone of the adjacent Tx pads cannot be maintained
constant and decreases rapidly if we continue to increase the
spacing distance. Even though some efforts have been made to
optimize the Tx pad parameters, the effect of improving the
spacing distance is not significant. Therefore, stable output
characteristics and large spacing distance between adjacent
segmented Tx pads are still contradictory in segmented DWPT
systems.

To this end, this paper is motivated to further investigate
an improved Tx track design with larger spacing distance
while maintaining low output power fluctuation. Subsequently,
a rectangular-double-solenoidal pad (RDSP) structure is pro-
posed to form a segmented Tx track, and 107% spacing
distance between the adjacent Tx pads is achieved. In this
way, the proposed segmented Tx track can further mitigate
the cross-coupling issues and reduce copper usage and core
consumption significantly due to the large-spacing configu-
ration. Additionally, a comprehensive parameter analysis and
optimal design methodology of the proposed Tx track, along
with a detailed optimal design flowchart, is provided for
further improving the array spacing and stability of the output
characteristics.

TABLE I
PARAMETERS OF THE COUPLER
Symbols Parameters Value (mm)
IR Lenght of Rx rectangular coil 300
WR Width of Rx rectangular coil 300
lTs Lenght of double-solenoidal coil 306
TR Lenght of Tx rectangular coil 300
WTR Width of Tx rectangular coil 300
lTr, wrw, drp | Ferrite dimensions of Tx pad 300, 300, 3
IRF, WRF, dRF Ferrite dimensions of Rx pad 300, 300, 3
dc Litz wire diameter of coils 3
hgap Power transfer gap distance 100
NTR Turn numbers of Tx rectangular coil 10
NR Turn numbers of Rx rectangular coil 10
Pn Turn space of coils 0
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(b) single transmitter pad (c) receiver pad

Fig. 2. 3D view of the proposed large-spacing DWPT Tx track based on
RDSPs. Unless specified, subscripts TR, TSS, and R are used to indicate
parameters of the Tx rectangular coil, Tx double-solenoidal coil, and Rx
rectangular coil, while ¢ = 1,2, 3, etc. represents associated the Tx RDSP
order.

The rest of this paper is organized as follows. Section II
proposes and analyzes the working principle of a large-spacing
segmented Tx track, then modelling the DWPT systems based
on the proposed large-spacing segmented Tx track. Section III
evaluates the key design parameter in the RDSP, then provides
a comprehensive optimal design methodology of the proposed
Tx track and a detailed design flowchart for further improving
the array spacing and stability of the output characteristics.
Section IV experimentally validates the proposed design and
analysis and finally Section V concludes the paper.

II. PROPOSED LARGE-SPACING DWPT SEGMENTED
TRACK

A. Proposed Structural Design

Fig. 2 illustrated the configuration of the proposed large-
spacing DWPT Tx track. The single pad on Tx side consists
of a rectangular coil and a double-solenoidal coil, donated
as rectangular-double-solenoidal pad (RDSP). As shown in
Fig. 2(b), the double-solenoid coils are wound around the
core in the symmetrical layout. Moreover, the double-solenoid
coils are orthogonal layout with the rectangular coli, as a
result, the coils on the Tx side are spatially integrated and
magnetically decoupled. The proposed large-spacing DWPT
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Tx track is based on segmented RDSPs with an alternate
arrangement. As illustrated in Fig. 2(a), all the rectangular
coils in the Tx RDSPs are wounded identically (marked
with ”—”), generating unified vertical magnetic flux right
above the RDSPs. On the contrary, the double-solenoidal coils
are wounded alternately. The odd double-solenoidal coils are
wound in an anti-clockwise direction, while the even ones are
wound clockwise (marked with ”—"). Such that, the double-
solenoidal coils generate alternating horizontal magnetic flux
across the RDSPs. Thus, the magnetic generated from the
rectangular coil and double-solenoidal coils are in comple-
mentary manner during the moving direction, which has been
comprehensively demonstrated in our recently published work
[28]. Only a single rectangular pad (RP) is designed on the
Rx side, which can achieve minimization and lightweight, as
shown in Fig. 2(c). Variable parameters of the proposed large-
spacing DWPT coupler are summarized in Table 1.

Since the double-solenoidal coil is woundentirely around the
magnetic core, the relationship between the number of turns
Nmgg, the design distance [;of the double-solenoidal coil, and
the length [Tr of the RDSP magnetic core should be satisfied
as follow

2Ntgsdc + lss < l7F, (D

where d¢ is the litz wire diameter of the coils.

With the abovementioned design of the Tx track, the Rx
RP can capture vertical magnetic flux right over the RDSPs
and also in the spacing zones, which are generated by the Tx
rectangular coils and double-solenoidal coils respectively. The
overall rectangular-to-rectangular mutual inductance is given

by
Mrtr-r = MTR1-R + MTR2-R + - + MTRi-R.  (2)

Similarly, The overall double-solenoidal-to-rectangular induc-
tance is given by

Mrss-r = Mrssi-r + Mrsse-r + -+ - + Mrssi-r- (3)

With the geometric specifications given in Table I, a fi-
nite element simulation is conducted in ANSYS Maxwell to
simulate the proposed DWPT Tx track. As shown in Fig. 3,
mutual coupling consistently exists as the Rx RP moves along
the whole Tx track, but the situations are alternating in the
spacing areas. In the odd spacing areas, Mrr-g and Mrss-r
are both positive and their slopes have a complementary
tendency with the position change. However, in the even
spacing areas, MTgr-g remains positive and axially symmetric
to that in the adjacent spacing areas, but Mrgs-r iS negative
and centrally symmetric to that in the adjacent spacing areas. A
straightforward way to tackle the abovementioned issue is by
detecting the zero-crossing of Mrgs-r and using active control
strategies. Such a scheme increases complexity and decreases
robustness, making it less feasible in a practical DWPT system
with many Tx RDSPs. In Section II-B, a purely passive way
without complex detection and active control will be developed
to achieve stable output.

—o— Mrr-r = MrRr1-R + MTR2-R + *** + MTRs-R
20} |=B=Mrss_r = Mrssir + Mrsso g + -+ Mrssn r|

Mutual inductance(pH)
S
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Fig. 3. Overall rectangular-to-rectangular and double-solenoidal-to-
rectangular mutual inductances based on the proposed large-spacing seg-
mented DWPT track.
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Fig. 4. Equivalent circuit of the proposed DWPT system based on large-
spacing RDSP track.

B. Circuit Modeling

All Tx coils are compensated by LCC' circuits, while the
single Rx coil is series compensated. Thus, the weight and
complexity of the Rx side can be reduced and simplified
significantly. To catch the magnetic flux complementary fea-
ture of the proposed large-spacing DWPT coupler shown in
Fig. 2 during the moving profile, the DWPT system should
be designed to operate regardless of the mutual inductance
Mrgs-r polarity without detections and control strategies.
Such that, the Tx rectangular coils and the double-solenoidal
coils are excited independently with an orthogonal excitation
method. Taking this in mind and giving the neglect of the
cross-coupling between the RDSPs, the equivalent schematics
of the proposed DWPT system is shown in Fig. 4. The phase
difference between AC voltage v; and vy is set to 90°.
The fundamental harmonic approximation method has been
utilized for analysis. The fundamental vector form relationship
of V; and V; can be given as

4
Vo = ViZ90° = = Ve Z90°. 4)
Vs

Without loss of generality, Vi, Vs, I, I, It1, ITo, and
Iy are corresponding fundamental vectors of v, vs, 41, %9,
iT1, iT2, and iR, respectively. In addition, w is the operating
angle frequency. Parasitic resistances of the coils and the
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Fig. 5. ~ versus 7 at different lss and NTgg when the spacing l4;s = 240 mm

compensation components are ignored to simplify the analysis.
The circuit equations are given by

Vi=XI, - X{I,
0= (XTR + X{)ITl — jwMrRr-rIr — X{Il

Vo = XoI, — XTI ,
0= (X7s + X3) It — jwMrss-rIr — X515
0= XgIr — jwMrRr-rIT1 — jwMTss-RIT2
where N . 1 “ 1
= QW —_— =
1=17 1 ij1’ 1 jwC
X1R = jwLTR + -
]wC’T1
X jwLo + e X, b
= w - 5 = -
? J ? ]wOQ 2 ]WCZ . (6)
X1si = jwlrss + =
JwCrs

1
XRr = jwL —— + R
R = JW R+ijR+ eq

8
Req - ;RL

The compensation components L, Cy, Lo and C5 in the
Tx RDSPs together with the series resonant circuit (Lg, CRr)
on the Rx side are designed to be fully resonant, satisfying

2 _ 1 _ 1 _ 1 . e
LiCy LeCy  LrCr
With (4), (5), and (7), the currents flow Tx rectangular coils,
Tx double-solenoidal coils of the proposed DWPT system can
be calculated as
It = —jwCiVy
IT2 = 7.].(4102‘/2 = 7jw02‘/14900.
It can be observed that the DWPT system is equivalent to

being driven by two current sources, and the DC output voltage
Vo of the proposed DWPT systems can be derived as

w

®)

Vo = wVooCry/May n+7Migs )

where T is the square of the ratio of compensation capacitors
C5 and (1, given by
c3

T =

e (10)

@ Tx rectangular coil Tx double-solenoidal coil (@ Ferrite
__:Winding direction T
TRERZ ™ M. TR2TSS?

MTRI-TSS]
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Fig. 6. Cross-coupling between the adjacent RDSPs.

With (10) and (9), the fluctuation of output voltage Vo is
determined by M., given by

Meq = Mig-g + TMigs g (11)

III. ANALYSIS AND OPTIMAL DESIGN OF THE RDSPS

A. Parameters Evaluation of RDSP for Power Fluctuation
Suppression and Large-Spacing Design

As illustrated in Fig. 3, the mutual inductance Mrg-g and
the |Mrss-r| are in complementary manner. In the design
process, the Tx and Rx rectangular coils are designed equally
to maximize the coupling performance [29]. Moreover, the
Mrgs-r is regarded as a mutual inductance to complement
the Mrr-r. Such that, we can optimal the double-solenoidal
coil of the RDSP to achieve almost constant M., according
to (11). One significant factor that affects the coupling effect
of the WPT coupler is the number of turns and layout in the
coil. Given that the coupler’s structure and outer dimensions
are fixed based on the design recommendations in SAE J2954
[30], the study of this part focuses on a design approach
to improve the spacing between adjacent RDSPs and power
fluctuation suppression for DWPT system via adjusting the
double-solenoidal coil of the proposed RDSP DWPT coupler.
In this design method, we concentrate on modifying the design
distance (lgs) and number of turns (Npsgs) in the double-
solenoidal coil. The parameters of the rectangular coils are
selected based on the design recommendations in SAE J2954
WPT1/Z1 [30], which are listed in Table I.

On the other hand, with (11), it is evident that there is a
corresponding optimal threshold 7 to minimize the fluctuation



XU et al.: LARGE-SPACING SEGMENTED TRANSMITTER TRACK FOR DYNAMIC IPT WITH LOW OUTPUT FLUCTUATION

TABLE I
THE OPTIMAL DESIGN POINTS WITH VARYING lss AND Ngg UNDER DIFFERENT lgjs.
ldis = 240 mm
i N-
l('Vlmm:T) TSS 5 7 9 11 15
SS
100 mm (15.13%338) | (14.67%2.10) | (13.46%.13) | (12.32%,08) | (10.56%.0.5)
160 mm (6.90%,4.6) (4.29%,2.5) (4.65%,1.6) (5.86%,1.1) (9.96%,0.7)
200 mm (15.66%,7.3) | (17.11%,3.9) | (18.06%,2.7) | (19.61%,2.1) | (20.93%,1.6)
lais = 270 mm
l(’ylmim‘r) Nrss 5 ; 9 1" s
SS
100 mm (26.16%.,5.7) | (24.53%,2.9) | (23.18%,1.8) | (22.11%,1.2) | (18.94%,0.6)
160 mm (539%.6.5) | (411%35) | (3.01%22) | (338%.1.6) | (4.53%,1.0)
200 mm (8.09%,8.8) (11.21%,3.2) | (12.16%,2.4) | (14.32%,1.8) | (21.88%,1.4)
lais = 300 mm
i N-
l('ylmmaT) TSS 5 7 9 11 15
SS
100 mm (39.28%,6.5) | (37.54%.,3.2) | (35.87%,1.8) | (34.58%,1.3) | (31.75%,0.8)
160 mm (23.24%,7.6) | (21.27%,3.9) | (19.71%,2.5) | (18.06%,1.7) | (15.18%,1.0)
200 mm (4.01%,11.6) (3.03%.,6.3) (2.80%.4.1) (3.90%,3.1) (5.31%,2.3)
240 mm (4.68%,14.8) (5.93%,8.6) (7.48%,6.0) - -
20— T N e S M —— ey
1 ., | ! 1
_ |1 10sesssssasees | |V 1opessssssssens | Lo l
S EET S i T q0fr I ! T 104 ° N
> . } zoom = ! :vz ™. zoom 3 \\‘ 1_15 i . zoom
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Fig. 7. Cross-coupling between the adjacent T'x RDSPs versus lq;5 at different Npgg and lgs.

of M, after the mutual inductances Mrgr-r and Mrss-r

designed. Subsequently, the fluctuation of the M, is defined
as

Mc ax — Mc in
aln alstin 1009,

= Meq|Max + Meq|Min

(12)
Here Meqy|Max and Meq|min are the maximum and minimum
values of Mg, versus the moving positions.

According to (12) and mutual inductance shown in Fig.
3, the fluctuation value y with various 7 under different /4
and Nrpgg are illustrated in Fig. 5. It can be advised that
~ first decreases and then increases as a rise of 7. Thus,
the minimum point represents the optimal design point with
minimal fluctuations based on the given parameters in Table
I, as shown in Fig. 5. The optimal design point with varying
design distance (Iss) and number of turns (N7gg) in the double-
solenoidal coil at different array spacing lq;s are listed in Table
1L

As illustrated in Fig. 5 and Table II, it can be observed that
the minimum fluctuation factor |y, of the output voltage first
decreases and then increases with an increase of lss when the
Nrgs is designed. Thus there is an optimal design value of /4
with the fixed Ntgg, donated as I opt. Additionally, when the
lss < lssopt» the ~y|ain decreases as the Nrgg increases. This

Get the input parameters,
installation and output requirements
of the DWPT system and the
fluctuation factor range y|rarget
¥

Determine the size parameters of
Tx rectangular coil and Rx
rectangular coil

-

2
Initialize Ntss and /s of the double-
solenoidal coil in RDSP
k2

(¢) Npss = 15, lss = 60 mm

Output Nrss, L, Lais and 7,
then Design C; and C; based|
on the output requirements

Yes

Obtain the cross-coupling between
adjacent RDSPs based on the Ansys

Lais = lais + Alis N

Maxwell, then select the /yis

Obtain the total mutual inductance
Mirr and Mrggg in Fig. 3 at
different moving positions based on
Ansys Maxwell and Eq. (2) - (3)
2

Calculate the fluctuation of the
output voltage ¥, based on Eq. (11)
and Eq. (12), then plot Fig. 5

L= lss + Algs
O]

T
L= lss = Al

Lais = Lais = Algis

Obtain the cross-coupling
Myss).1ss2 between
adjacent RDSPs based on
the Ansys Maxwell

[Min.opt =7 Target”

~7IMin 1S
minimum at the
Qptimal Nrss op2

Fig. 8. Design flowchart for the proposed DWPT system.

indicates that we can improve the power fluctuation suppres-
sion of the proposed DWPT system by increasing the Nygg if
the Iy is not enough. The 7|y, raises as an increase of Ngg
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when the Iy > I opt, it demonstrates that increasing Nrgs
will result in Mrgs-g in an overcompensation of Mrgr-g if
the lss has an enough design. At this time, the proposed RDSP
is in the redundant design, i.e., excessive use of Litz wire and
increased costs. However, when lss ~ I opt, the Y|nin first
decreases and then increases as a raise of Nrgg. Such that
there is an optimal number of turns Ntsg op at the optimal
design distance Iy opt. Based on the aforementioned analysis,
it can be concluded that the optimal design distance lgs opt
should be obtained while keeping the number of turns Nrgg
of the double-solenoidal coil unchanged in the optimal design
process, and then redesigning the number of turns Ntgg under
the condition of the optimal design distance Igg opt.

B. Analysis of Cross-Coupling Issue

To mitigate circulating current, it is essential to minimize
the cross-coupling between segmented Tx RDSPs. Although
enlarging the spacing distance lq;5 between Tx RDSPs can
assist in reducing cross-coupling, it simultaneously intensifies
power fluctuation. Therefore, a careful design is necessary.
The major cross-coupling between the coils of the adjacent
RDSPs is highlighted in Fig. 6. According to the FEA results,
the cross-couplings between the neighboring Tx RDSPs versus
lgis at different N1gg and [y are shown in Fig. 7. There is a
significant initial decrease in the cross-couplings and the re-
duction becomes less pronounced as l4;s continues to increase
until it reaches 240 mm, where most of the cross-couplings
converge to zero. However, the cross-coupling between the
adjacent double-solenoidal coils (e.g., Mrssi-Tss2 shown in
Fig. 7) converges relatively slowly with the increase of the
spacing lqis. In addition, the Mrggi-Tsge is sensitive to the
number of turns Npgs and the design distance lgs of the
double-solenoidal coil. Specifically, the increase of Ntgg or
the decrease of [o, will lead to the raise of Mrssi-Tss2, such
that a larger spacing lq;5 design is required to make it converge
to zero.

Based on the aforementioned analysis, in order to eliminate
or reduce the impact of cross-coupling on DWPT system,
the number of turns Npgg should be reduced as much as
possible and the design distance lss should be increased
during the design of the double-solenoidal coil while satisfying
the power fluctuation suppression requirement. The cross-
coupling of double-solenoidal coils in adjacent RDSPs (e.g.,
Mrss1-Tss2) is most pronounced with the same parameter de-
sign. Accordingly, to streamline the decoupled design process
of the proposed segmented RDSPs transmitter and minimize
time expenditure, the cross-coupling Mrsgi-Tss(i4+1) can be
employed as a criterion. This entails that when the cross-
coupling Mrgg;-Tss(i+1) 18 approximately zero, it can be
posited that the cross-coupling between adjacent RDSPs is
essentially insignificant.

C. Optimal Design of the RDSPs

Given the aforementioned analysis, a design flowchart to
detail the optimal design procedure and consideration for the
proposed large-spacing DWPT segmented RDSP transmitter
is shown in Fig. 8. Specifically, the design procedure of

>0] IS
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& 30 e 0 !
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- _ \:g 777777777777777777
-e-Nyss =7 “oly
jol -o-Nss =38 St
-e-Nrss =9 1 \:‘35 -0
o Lze=iss =10 A
120 150 180 210 240 270
lss(mm)

Fig. 9. Performance of ~y|pin at different Iss and Npgs.

TABLE III
PERFORMANCE OF | Min AT lss,opt AND DIFFERENT Npgg

Number of turns Npgg Optimal design point (Iss,opt; Y| Min)
5 (240 mm, 6.84%)
7 (240 mm, 5.28%)
8 (240 mm, 4.54%)
9 (240 mm, 3.12%)
10 (240 mm, 4.42%)

the proposed large-spacing and power fluctuation suppression
DWPT segmented RDSP transmitter can be summarized as
follows.

1) Getting the input/output requirements (such as the input
DC voltage, input power, operating frequency, the output
voltage Vo, and output rated power, etc.) and setting the
power fluctuation range <y|target Of the DWPT system,
Then, determining the parameters (i.e., the number of
turns N1r, Vg, and the Litz wire diameter dc, etc.)
of the Tx and Rx rectangular coils based on the input
and output data. Initializing the number of turns Nrgg
and the design distance Iy of the double-solenoidal coil
in the RDSP. Subsequently, analyzing the relationship
between the cross-coupling in the adjacent RDSPs and
their spacing lq;s via ANSYS Maxwell, as shown in Fig.
7. Selecting the preliminary spacing lq;s of the adjacent
RDSPs under the cross-coupling variation characteristics
in Fig. 7.

2) Obtaining the mutual inductances Mrr-g and Mrgs-r
under different moving positions throughout the ANSYS
Maxwell, as plotted in Fig. 3. Afterward, ultilizing the
MATLAB to calculate the fluctuation factor y versus the
7 based on the Eq. (11) and Eq. (12), as well as the data
of the Mrr-r and Mrgg-gr. Then plotting the Fig. 5. If
the minimum fluctuation factor 7|y, achieved under the
optimal design distance lss opt, WE can continue to obtain
the optimal number of turns Ntgg op¢ at the optimal
design distance [ss opt. Otherwise, the design distance /g
is reinitialized, i.e., lgs = los + Algs Or lgs = lgs — Algs.
Similarly, once the ~y|nin is identified as the value under
the condition of the Isopt and Nrgsopt, it can be
recorded and donated as 7|Min,0pt. Conversely, the num-
ber of turns Nrgg should be executed Nprgs = Nrgs+ 1
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or Ntgs = Ntss — 1, and then redesigned.

3) When the fluctuation ~|Minopt > Y|Target achieves,
reducing the spacing lq;s (i.e., lqis = lais — Algis) of the
adjacent Tx RDSPs and performing re-iterative design.
However, if the fluctuation ¥|uin,opt < ¥|Target sSatisfies,
reconducting FEM analysis in ANSYS Maxwell to re-
obtain the cross-coupling Mrgs;-Tss(i+1) between the
double-solenoidal coils in the adjacent Tx RDSPs. Once
the cross-coupling Mrsgi-Tss(i+1) 1S approximately
equal to zero, output the optimal design value of I,
Nrgs, lgis, and 7. Then designing the compensation
capacitors Cy and C; according to the output require-
ments. On the contrary, if the Mrgs;-rss(i+1) 7 0 and
can not be ignored, the spacing l4;s should be increased
(i.e., lais = lais + Algis) in accordance with Fig. 7 and
redesigned.

Based on the above design flowchart, an optimal design
example is provided in this section. The basic parameters as
listed in Table I and the spacing lq;s = 320 mm (about 107%
of the proposed single RDSP length). The performance of the
minimum fluctuation factor |y, under different s and Ngg
is shown in Fig. 9. It can be observed that the |y first de-
creases and then increases with the increase of design distance
lss under different Nmgg conditions, moreover, the minimum
point appears at the same design distance lys = 240 mm.
Therefore, the lss = 240 mm is the optimal design distance
lss,opt- The corresponding minimum fluctuation factor | Min
under the optimal design distance s opt and different Ngg
is in detail in Table III. Obviously, the |y, also possesses
a minimum value point versus the Ntgg and achieves when
the Nrgg is designed to be 9. Thus the value 240 mm and
9 is the corresponding optimal design distance ls opt and
number of turns Ntsgopt respectively. With these optimal
parameters, the fluctuation factor 7|nin,opt 1S about 3.12%
during the displacement of the DWPT system. Moreover, the
maximum cross-coupling between the double-solenoidal coils
in the adjacent RDSPs is 0.55 pH, which constitutes only a
small percentage (2.3%) of that utilized for power transfer.

IV. EXPERIMENTAL VERIFICATION
A. Experimental Setup

To verify the design and analysis of the proposed large-
spacing RDSP coupler, a three-module scale-down 1 kW
DWPT system laboratory prototype operating at 85 kHz
switching frequency is built based on the schematic in Fig.
11, as depicted in Fig. 12. The proposed DWPT coupler, as
shown in Fig. 10, is manufactured based on the configuration
in Fig. 2 with the basic dimensions in Table I and optimal
parameters provided in Section III-C. The material of the
ferrite core is 3C95, which has permeability © = 3000
and is suitable for power transformers at frequencies up
to 0.5 MHz. The geometry is plate type with size being
50 x 50 x 3 mm?®. The magnetic core for the Tx and Rx
pads consists of 6 x 6 pieces of ferrite cores and the overall
size is 300 x 300 x 3 mm3. The Tx rectangular coils and the
double-solenoidal coils are connected with LC'C' compensa-
tion network and orthogonal driven by independent inverters A

300 mm

320 mm '

! 320 mm 300 mm '
1540 mm

(b) proposed large-spacing Segmented Transmitter based on RDSP

Fig. 10. Practical structure and dimension of proposed DWPT coupler.

Crri 12— Tx rectangular coil
y !'*m\— Tx double—solenoidaH

Inverter A

Fig. 11. Circuit configuration of proposed DWPT system.

and B respectively, as illustrated in Fig. 11. The two inverters
share a digital controller (MCU Model: STM32F103). The
controller generates two groups of PWM signals to drive the
two independent inverters. The phase difference between these
two group PWMs is set to be 90 degrees, such that it can
achieve an orthogonal excitation between the two independent
inverters. To simplify the design process, all the compensation
conductors and corresponding capacitors of LC'C' networks for
Ltr1 — Ltrs and Ltgs1 — Lrggs are identically designed,
ie.,

Ly =1Ly =Lip=113,Ci =C11 =C12 = C13

(13)
Ly = Loy = Loy = Lo3,Cy = Coy = Cag = O3

are satisfied.

The DC input voltage Vpc is fixed at 150 V, consequently,
with the one-to-one voltage gain design, the required output
voltage is also 150 V. A LCR meter (Model: HIOKI IM3536
is utilized to measure the mutual inductances (MTr-r,
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Inverters und-—~ T
controller bl“folgomt‘

Fig. 12. Experimental prototype of 1 kW proposed DWPT system based on
large-spacing segmented transmitter track.

TABLE IV
MEASURED PARAMETERS OF THE DWPT PROTOTYPE

Coupler parameters Circuit parameters

Symbols Value Symbols Value
LR 95.61 pH, 96.14
(o123) L, 95,58 i L1, Lo 2245 pH, 8.48 pH
Lrssi 97.06 pH, 96.86 . C 156.16 nF, 413.20
(i=1,2,3) uH, 98.65 uH L2 nF
Ly 96.32 uH Cr 36.34 nF

Crri(t = | 4443 nF, 44.13 nF,
hgap 100 mm 1,2,3) | 44.30 nF
Lais 320 mm (107%) ICTQS?)(% = ggg% Eg 39.31 nF,
Ntr 10 Vbe 150 V
Nrss 9 Dy -Dy MBR20200CTG
Nr 10 Q1 -Qs STC 4050
lss 240 mm f 85 kHz
dc 3 mm Po 1 kW

|Mrss-r|, Mrssi-Tss2, Mrsse-rss3) and self-inductances
(Ltrs» L1ssi, Lr). The measured total mutual inductances
(i.e., Mrr-r and |Mrss-r|) and the cross-couplings (i.e.,
Mrssi-Tsse and Mrgge-1sss) of the practical coupler in Fig.
10 are illustrated in Fig. 13. It can be observed that the mu-
tual inductance Mrgr-g and |Mrss-r| are in complementary
manner during the displacement process, as shown in Fig.
13(a). The cross-coupling Mrggi-Tsse and Mrggs-Tgss of the
double-solenoidal coils in the adjacent Tx1 — Tx3 RDSP is
almost equal to zero, which can be ignored, as plotted in Fig.
13(b). Based on the data of measured mutual inductances in
Fig. 13(a) and Eq. (11) - (12), the fluctuation ~ versus 7 is
plotted in Fig. 14. The optimal design point can be achieved
at 7 = 7.0. Such that, with the input and output requirements
mentioned above, the compensation parameters are designed
and detailed in Table IV. The MOSFETs Q;-Qs (Model:
STC4050) are selected while the Rx rectifier (D1-D,) utilize
diodes MBR20200CTG. A programmable DC electronic load
(DH27605B) is employed to simulate a battery load, while the
power analyzer YOKOGAWA WTI1803E is used to measure
the power distribution and the overall DC-DC efficiency of the
proposed system.

B. Static Characteristics and Load-Independent Output Per-
formance

Fig. 15(a) and (b) show experimental waveforms of modu-
lated voltage vTi, input current 471, modulated voltage vrs,
input current it9, induced voltage vgr, induced current iR,
output current Vo, and output voltage Vo at different moving

Mrrr and Mrssr (1H)
>

0
-10 : : : -
0 248 496 744 992 1240
Moving position AX (mm)
(a) AX=0 mm
2 T
—— Mrss1-rss2
- -8 - Mr1ssy_Tss3
= 1F
S
o0
=
g 0r
$ )
z 1
5 1
) . - - .
0 248 496 744 992 1240
Moving Position AX (mm)
(b) AX=0 mm

Fig. 13. Measured mutual inductance of the proposed large-spacing DWPT
coupler under different displacement conditions during moving range AX €
[0 mm 1240 mm]: (a) total mutual inductances Mrgr-gand |Mrgs-r|, (b)
cross-couplings Mrss1-Tsszand MTss2-TSs3-

80
70t
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_50f

X 40t
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'
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'
'
'
'
'
'
'
'
'
'
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'
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0 15 3 45 6 75 9 1051213515
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Fig. 14. The fluctuation value y versus T

positions AX= 0 mm and AX= 310 mm for full load with
Ry, =225 Q. AX= 0 mm is the position that the receiver is
fully aligned with the Tx1 while AX= 310 mm represents the
position that the receiver arrives at the midpoint of the Tx1 and
Tx2. It can be observed that the output voltage remains almost
150 V although the receiver moves to different positions. To
evaluate the load-independent constant voltage (CV) output
characteristic of the proposed DWPT system, a load variable
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Fig. 15. Steady-state waveforms of the proposed DWPT system at different
moving positions.

experiment is implemented at a position where the receiver pad
arrives in the middle of Tx1 and Tx2 (i.e., AX= 310 mm),
whereby the load is stepped from 20 €2 - 40 €2 - 80 Q - 40 €2 -
20 €, as shown in Fig. 16. It can be observed that the output
current I decreases as the load Ry, increases, while the output
voltage Vo remains almost constant. Therefore, the proposed
DWPT system can achieve a good CV output feature.

C. Dynamic Performance

To evaluate the system’s performance while the receiver
pad moves across the entire section (i.e., moving position
AX changes from 0 mm to 1240 mm), dynamic experiments
are carried out for the full load Ry, = 22.5 (2, as shown in
Fig. 17 (a) and (b) respectively. As illustrated in Fig. 17 (a),
Channel 1 and 2 are the dynamic output voltage v, and output
current 75 waveform of the inverter B respectively, while the
channel 3 and 4 are the dynamic output voltage v; and output
current ¢; waveform of the inverter A respectively. It can be
observed that the proposed DPWT system can operate in a

Tek Prevu

: : ' - . . 1 .
200 | 1 i i i i
& 20y 0os o |m 800y Tzz3a0s

Fig. 16. Output voltages and currents under varying load conditions.

it : : ) v :
= i [2QA/d1v] :
& 200y amoh eoos i 00y
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< 10H13196 |

(@)
Tek stop

[250V/div

_...[ZOOV/le].\.;. Lo

II/|] dw] ...... .....

& 00y ; it i

b 200y 1004 ][Z.Uﬂs ]L .rauuv Izs:sz:uu
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Fig. 17. Transient voltages and currents at full load: (a) transmitter side and
(b) receiver side.

smoothly complementary manner during the whole moving
process to suppress the power fluctuation. From Fig. 17(b),
it is obvious that the output voltage Vo at full load are
consistent and almost constant during the moving profile.
Fig. 18 provides the detailed Vi at full load for different
moving positions along the moving direction. It should be
noted that the fluctuation of the output voltage in the moving
range AX € [0 mm 1240 mm] is within 3.26%. Thus the
proposed DWPT system possesses excellent power fluctuation
suppression performance.

Fig. 19 illustrates the power efficiency measured by a power
analyzer YOKOGAWA WT1803E at full load condition. It can
be observed that the efficiency over the whole displacement
range remains approximately stable at about 85%. Specifically,
the minimum efficiency is 84.14% while the maximum one is
86.88%.

D. Comparison and Discussion

To further highlight the advantage, a detailed comparison
of this work and the Ref. [28] is illustrated in Table V. It can
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TABLE V
COMPARISONS WITH REF. [28]
Works Tx & Rx Pad Tx & Rx Pad Spacing Distance Spacing Distance over Cross-Coupling / Power Output
; Structure Size (cm) (cm) Tx Pad Size Transfer Coupling Fluctuation
30x30 &
[28] RSP & RP 30%30 15 50% 8.2% < 5.42%
This 3030 &
work RDSP & RP 30530 32 107% 2.3% < 3.26%
180 T T T T 100 T T T T
160 1
Zaof S
2 140 >
2 S
= >
2120t . g
] ;;S 70t :
g 100 5|
80| i 60 7
60 * : * * 50 * : * *
0 248 496 744 992 1240 0 248 496 744 992 1240
Moving position(mm) Moving position AX (mm)
Fig. 18. Output voltage Vo at full load within moving range AX € [0 mm  Fig. 19. Measured DC/DC efficiency of proposed DWPT system within

1240 mm].

be observed that both the design method in this paper and
Ref. [28] can uniformize the size of Tx and Rx. However, the
proposed design in this work achieves a large-spacing design
with 320 mm (i.e. 107% of the individual Tx pad length) based
on an optimal structure RDSP, while the spacing configuration
in RSP segmented track in Ref. [28] is only 150 mm (i.e.
50% of the individual Tx pad length). Such that the proposed
design further reduces approximately 37.3% in the utilization
of copper and ferrite cores compared with the work in [28].
Due to the large spacing distance configuration between the
adjacent Tx pads, it also further mitigates the cross-coupling
issues. The maximum cross-coupling between the double-
solenoidal coils in the adjacent RDSPs in this paper is only
0.55 pH, which constitutes only a small percentage (2.3%)
of that utilized for power transfer. In addition, the output
characteristic of the proposed large-spacing Tx segmented
track possesses excellent stability. The output fluctuation is
within 3.26% during the whole displacement process while
the pulsation in [28] is 5.42%. Therefore, the stability of the
proposed design in this paper is improved by 2.16%.

V. CONCLUSION

In this paper, a novel large-spacing transmitter (Tx) track
is proposed, which consists of segmented rectangular-double-
solenoidal pads (RDSPs). The proposed Tx track features
a large-spacing design and excellent power fluctuation sup-
pression performance during dynamic displacement simulta-
neously. The spacing between adjacent Tx RDSPs exceeds the
single RDSP length, which achieves about 107% of the RDSP
length. This significantly mitigates the cross-coupling issues
and reduces the copper and ferrite requirements in DWPT
systems. In addition, an optimal design methodology of the

moving range AX € [0 mm 1240 mm] at full load.

proposed Tx track, along with a detailed design flowchart, is
introduced and analyzed comprehensively. A 1 kW DWPT
experimental prototype using the proposed segmented Tx
track and optimal design method is built to verify the analytical
findings and design, and the experimental results demonstrate
that the output voltage fluctuation is within 3.26% during
displacement process while the spacing is 107% of RDSP
length.
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