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Alternately Arranged Segmented Transmitter Pads
With Magnetic Field Complementation for
Suppressing Power Fluctuation in Dynamic

Wireless Power Transfer

Hai Xu

Abstract—Dynamic wireless power transfer (DWPT) is a promis-
ing solution to address driving range anxiety or eliminate necessity
of carrying heavy batteries for electric vehicles (EVs). The DWPT
systems are expected to operate satisfactorily with a stable output
characteristic over a wide driving range. In this article, a novel
transmitter (Tx) track is proposed, which is based on alternately
arranged segmented rectangular-solenoid pads. Such a Tx track
features magnetic field complementation to suppress the fluctuation
of output on the receiver (Rx) side against the wide-range and
dynamic displacement. The proposed design allows the Tx and
Rx pads to have a uniform size, such that the coupling coefficient
can be maximized for optimal power transfer capability for a given
copper usage and ferrite core. It also allows a wide distance between
the adjacent transmitter pads, which further enables the reduction
of copper and ferrite core usage and alleviates the cross-coupling
issues. In addition, a novel DWPT system with an orthogonal
excitation method based on the proposed Tx track is developed,
along with a detailed parameter design methodology. The operation
of the proposed DWPT system is purely passive and highly robust,
without any necessity for sensing and active control. A 1 kW DWPT
experimental prototype is built to verify the proposed DWPT de-
sign.

Index Terms—Alternate arrangement, dynamic wireless power
transfer (DWPT), magnetic field complementation, power
fluctuation suppression, segmented transmitter pads.

1. INTRODUCTION

OWADAYS, electric vehicles (EVs) have gained wide-
N spread adoption as part of the global effort to promote
sustainable and environmentally friendly transportation. EVs are
typically equipped with large, heavy, and expensive batteries,
but they still face driving range and charging speed anxieties [1].
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Dynamic wireless power transfer (DWPT) is a potential solution
to address these issues by allowing EVs to acquire power while
in motion on the road [2].

To suppress power fluctuation in the DWPT process, a mag-
netic coupler with a consistent coupling coefficient regardless
of the dynamic displacement can be designed and used. Ac-
cording to the transmitter length, the transmitter (Tx) pad of
the magnetic couplers in the DWPT systems can be classified
into long-track type [3], [4], [S] and segmented type [6], [7],
[8]. The length of the long-track Tx pad is significantly larger
than that of the receiver (Rx) pad [9]. In this way, a consistent
coupling coefficient between the Tx and Rx pads can be readily
achieved over a wide-range displacement. Some well-known
long-track Tx pads have been proposed by researchers from
Korea Advanced Institute of Science and Technology, such as
I-type [10], S-type [11], and N-type [12]. Since the coupling
coefficient is consistent against the displacement, there is no
significant power fluctuation and only simple control designs are
needed. However, the main drawback of the long-track scheme
is the relatively low coupling coefficient, which degrades the
power efficiency and leads to high electromagnetic exposure.

To enhance coupling coefficients and minimize electromag-
netic exposure, researchers have explored segmented Tx pads
in DWPT systems [13], [14], [15]. Inspired by stationary wire-
less power transfer magnetic couplers, this approach involves
closely matching the sizes of Tx and Rx pads to optimize the
coupling coefficient. In DWPT systems, segmented Tx pads
are arranged sequentially to form a long Tx track, allowing
the Rx pad to receive power as it moves across these pads.
However, challenges arise when the Rx pad is positioned above
the spacing zone between two adjacent Tx pads, resulting in
weak magnetic coupling and subsequent power fluctuations.
Studies have attempted to mitigate this issue by optimizing
the physical size of the Tx pads, considering factors such as
the coupling coefficient and the continuity of the Tx pads [9],
[14]. To further reduce power fluctuations, some approaches
eliminate spacing between T'x pads, as highlighted in Fig. 1(a),
enhancing the magnetic fields in the spacing zone [16], [17],
[18], [19]. For instance, Lu et al. [16] and Chen et al. [18]
employed arrays of rectangular and double D quadrature pads
(DDQPs), respectively, without spacing. An integrated design
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Fig. 1. Segmented transmitter layout model of DWPT system. (a) Without
spacing distance. (b) With spacing distance.

method based on the continuous much longer Tx rectangular
pads is proposed in Shi et al. [20] and [21] to suppress the power
fluctuation in the DWPT system. However, this lack of spacing
canresultin significant cross-coupling between transmitter pads,
necessitating complex parameter designs for compensation net-
works or additional mutual conductor designs [22]. It is crucial
to note that these design methods may increase copper usage
and core consumption due to the absence of array distance and
continuous core design.

On the contrary, some researchers have explored alternative
approaches by designing a segmented transmitter track with
spacing between adjacent pads, as illustrated in Fig. 1(b), based
on either unipolar or bipolar configurations. However, acommon
drawback of such designs, characterized by a large spacing
distance, is the emergence of significant power fluctuation [23],
[24], [25], [26]. For example, in the study by Lee et al. [24],
the output power diminishes almost to zero when the receiver
is located in the spacing zone. In addition, power pulsation
reaching 50% occurs when the distance between adjacent trans-
mitter pads is around 30% of the individual transmitter length in
some DWPT systems [26]. To mitigate this power fluctuation,
some solutions involve adopting a complex or larger pad on
the receiver side. In a specific case, Zhao et al. [27] wounded
solenoid coils around a long straight magnetic core plate to
configure a bipolar-nonsalient pole transmitter. The receiver in
this setup adopts two much larger cross-tiled DD coils. However,
this results in a complex and cumbersome receiver side that
demands more installation space, making it less practical for
real-world applications [28], [29]. Another approach, detailed
in [30], focuses on enhancing magnetic field concentration by
employing solenoid coils with I-shaped cores to couple a large
rectangular pad for a DWPT system. While this design achieves
low power fluctuation, it compresses the height of the coupling
magnetic field, leading to a reduced power transfer gap and
significant practical limitations.

It is known that a unipolar-bipolar pad can generate (or
capture) both vertical and horizontal magnetic fields in acomple-
mentary manner, thereby enhancing misalignment tolerance. As
such, this hybrid transmitter pad presents a promising approach
for constructing a segmented transmitter track in DWPT sys-
tems to mitigate power transfer fluctuation with a large spacing
distance. However, owing to the hybrid magnetic field character-
istics of this transmitter pad track, its matrix layout and driving
method differ from traditional unipolar or bipolar transmitter
tracks discussed earlier. These distinctions are notably absent in
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existing research and methodologies, warranting comprehensive
exploration and analysis.

To address the aforementioned challenges, this article con-
ducts an in-depth analysis of the magnetic flux characteristics
and working principles associated with the mutual complemen-
tation mechanism of unipolar-bipolar pads. Subsequently, we
propose an innovatively designed segmented transmitter track,
featuring an alternately arranged arrangement of rectangular-
solenoid pads (RSPs) for DWPT systems. The key novelties and
contributions of this article are summarized as follows:

1) Novel transmitter track: We introduce a novel transmitter

track based on the alternately arranged segmented RSPs.
This transmitter track leverages magnetic field comple-
mentation to effectively mitigate output fluctuation on
the receiver side, providing robust performance against
a wide-range and dynamic displacement.

2) Large spacing distance design: The proposed alternately
arranged segmented transmitter track allows for a con-
siderable spacing distance between adjacent transmitter
pads. This design choice not only facilitates a reduction
in copper and ferrite core usage, but also addresses cross-
coupling issues. Furthermore, it enables uniform sizing
of the transmitter (T'x) and receiver (Rx) pads, maximiz-
ing the coupling coefficient for optimal power transfer
capability relative to given copper usage and ferrite core
constraints [31].

3) Orthogonal excitation method: We present a novel DWPT
system incorporating an orthogonal excitation method tai-
lored to the proposed alternately arranged segmented hy-
brid track. In addition, we provide a detailed methodology
for parameter design, ensuring the system’s effectiveness.

The rest of this article is organized as follows. Section II
analyzes the working principle of the mutual complementation
mechanism for RSP, and then proposes a alternately arranged
segmented Tx track for DWPT systems. In Section III, a detailed
excitation method of DWPT systems based on the proposed
coupler is presented, along with the corresponding parameter
design methodology. Section IV experimentally validates the
proposed design and analysis. Finally, Section V concludes this
article.

II. PROPOSED DWPT TRACK BASED ON ALTERNATELY
ARRANGED SEGMENTED RSPS

A. Characteristics of RSP

The RSP design has significant advantages over the conven-
tional DDQP because it can achieve misalignment tolerance with
less copper usage, which has been comprehensively demon-
strated in our recently published work [32]. Taking this advan-
tage in mind, the proposed DWPT track is based on segmented
RSPs with an alternate arrangement. Fig. 2 depicts a single
RSP that consists of a rectangular coil and a solenoid coil in
the transmitter. The solenoid coil is wound around the core in
an orthogonal layout with the rectangular coil. As a result, the
coils on the Tx side are spatially integrated and magnetically
decoupled. The rectangular coil produces a vertical magnetic
field, while the solenoid coil generates a parallel magnetic field.
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Fig. 2. Proposed single RSP.
TABLE I
PARAMETERS OF THE COUPLER
Symbols Parameters Value (mm)
Lrr Lenght of Rx rectangular coil 300
WRR Width of Rx rectangular coil 300
Lrg Lenght of Tx solenoid coil 306
W Width of Tx solenoid coil 27
LTr Lenght of Tx rectangular coil 300
Wrr Width of Tx rectangular coil 300
Lp, Wg, dp Ferrite dimensions 300,300,3

dc Litz wire diameter of coils 3
heap Power transfer gap distance 100

N Turn numbers of rectangular coils 10
Ng Turn numbers of rectangular coils 9

PN Turn space of coils 0

On the Rx side, a rectangular coil is used to capture the magnetic
flux generated by the RSP. The RSP on the Tx side and the
rectangular coil on the Rx side form a three-winding loosely
coupled transformer.

As highlighted in Fig. 2, the magnetic flux generated from Tx
rectangular coil is donated as ®rr1.r, while the magnetic flux
produced from the Tx solenoid coil is indicated as ®1g1.g. Both
®rr1r and Prgy g represent the components of the magnetic
flux in normal directions. Therefore, the mutual inductance
between Tx rectangular pad and the Rx pad as well as that
between T'x solenoid pad and the Rx pad can be, respectively,
expressed as

[OETSR
Mrs1r = %
1
Prg.
Mrg1r = }FT;R- (D
1

where Itr; and Itg; are the excitation current of the Tx
rectangular coil and Tx solenoid coil, respectively.

Given the aforementioned analysis, the mutual inductance of a
single RSP based on the parameters in Table [ is plotted in Fig. 3.
It can be observed that the Mrg1_r can be complementary with
MrRrir in a certain range. Taking this advantage in mind, the
RSPs can be designed for DWPT systems with an appropriate
array and excitation approach, which will be put forward in detail
as follows.
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Fig. 3. Mutual inductance of RSP at various moving positions.

B. Alternately Arranged Segmented RSPs for DWPT

Based on the characteristics of the RSP, a DWPT Tx track
consisting of alternately arranged RSPs is proposed as the front
view shown in Fig. 4. The RSPs are arranged sequentially on the
Tx side along the direction of movement, while the Rx side is
designed with a simple rectangular pad, as illustrated in Fig. 4(a).
lais 1s the spacing distance between the adjacent RSPs and set
as 50% of the length of a single RSP, i.e., l4;s = 150 mm. The
spacing distance is significantly large and requires a specific
arrangement as well as associate excitation to suppress power
fluctuation across the spacing area.

All the rectangular coils in the Tx RSPs are wounded iden-
tically, generating unified vertical magnetic flux right above the
RSPs as illustrated in Fig. 4(a). On the contrary, the solenoid
coils are wounded alternately. The odd solenoid coils are wound
in an anti clockwise direction, while the even ones are wound
clockwise. Such that, the solenoid coils generate alternating
horizontal magnetic flux across the RSPs. As illustrated in
Fig. 4(b) (simulated results in ANSYS Maxwell), the mag-
netic cores of the RSPs exhibit a dual-pole pattern alternating
between North—South (NS) and South—North (SN). Owing to
the “NS—SN-NS-SN” arrangement, continuous magnetic paths
are established, making the magnetic flux in the spacing areas
vertical. Moreover, the magnetic flux magnitude in the spacing
areas is consistent, but the direction alternates oppositely, e.g.,
the odd spacing area is downward, while the even spacing area
is upward.

With the abovementioned design of the Tx track, the Rx RP
can capture vertical magnetic flux right over the RSPs and in the
spacing areas, which are generated by the Tx rectangular coils
and solenoid coils, respectively. With the geometric specifica-
tions given in Table I, a finite element simulation is conducted
to simulate the proposed DWPT track. As the Rx RP moves
along the Tx track, the mutual inductances between the Rx RP
and the individual Tx rectangular coils are shown in Fig. 5.
Periodically, there exists a peak mutual inductance when the Rx
RP is right over a Tx RSP. When the Rx RP misaligns with the
Tx RSPs, the mutual inductances decrease sharply. Especially,
there exists nearly null coupling in the spacing area. The overall
rectangular-to-rectangular mutual inductance is given by

Mrtr-r = MTR1-R + MTR2R + -+ M7TRiR  (2)
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Fig. 4.

Front view of the proposed DWPT Tx track consisting of alternately-arranged RSPs. Unless specified, subscripts TR, T'S, and R are used to indicate

parameters of the T'x rectangular coil, Tx solenoid coil, and Rx rectangular coil, while ¢ = 1, 2, 3, etc. represents associated the T'x RSP order.
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Fig. 5. Mutual inductances between the Rx RP and the individual T'x rectan-
gular coils.

and it is plotted as the red solid curve in Fig. 7. Similarly, the
mutual inductances between the Rx RP and the individual Tx
solenoid coils are shown in Fig. 5. When the Rx RP is positioned
within the spacing areas, it establishes mutual coupling with the
adjacent solenoid coils. It can enable power delivery even when
the Rx RP experiences a significant offset with the Tx RSPs.
The overall solenoid-to-rectangular inductance is given by

Mrsr = Mrsi-r + Mrsor + -+ + Mrsir 3)

and it is plotted as the blue dashed curve in Fig. 7.

From Fig. 7, 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.gr and
Mrg.r are both positive and their slopes have a complementary
tendency with the position change. However, in the even spacing
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Fig.6. Mutual inductances between the Rx RP and the individual T'x solenoid

coils.
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Fig.7.  Overall rectangular-to-rectangular and solenoid-to-rectangular mutual
inductances.
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Fig. 9. Cross-coupling between the adjacent RSP versus l4is.

areas, Mr_r remains positive and axially symmetric to that in
the adjacent spacing areas, but Mg R is negative and centrally
symmetric to that in the adjacent spacing areas. A straightfor-
ward way to tackle the abovementioned issue is by detecting
the zero-crossing of Mrg.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 RSPs. In Section 111, a purely passive way without complex
detection and active control will be developed to achieve stable
output.

C. Cross-Coupling Issue and Spacing Distance Design

To mitigate circulating current, it is essential to minimize
the cross-coupling between segmented Tx RSPs. While in-
creasing the spacing distance [4;s between Tx RSPs can help
reduce cross-coupling, it exacerbates power fluctuation. There-
fore, a careful design is necessary. The major cross-coupling
between the coils of the adjacent RSPs is highlighted in Fig. 8.
According to the FEA results, the mutual inductances rep-
resented as per-unit values are shown in Fig. 9. The base
value is the mutual inductance in the fully aligned condi-
tion, given by Mrr.g|alignea = 22.52 pH. There is a signif-
icant initial decrease in the mutual inductances and the re-
duction becomes less pronounced as l4;s continues to increase
until it reaches 150 mm, where the mutual inductances con-
verge to zero. The maximum mutual inductance attributed
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Fig. 10.  Circuit configuration of proposed DWPT system.

to the cross-coupling issue constitutes only a small percent-
age (8.2%) of that utilized for power transfer. To simplify
the circuit analysis, they are ignored in the subsequent sec-
tions. Without loss of generality, the spacing distance is set at
150 mm.

III. PROPOSED DWPT SYSTEM

A. System Schematics

The schematics of the proposed DWPT system are shown in
Fig. 10. The Tx track includes n RSPs with alternating arrange-
ment as proposed in Section II. 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.

The Tx track is driven by two individual inverters. The
MOSFETs (01— 4 constitute a full-bridge inverter A to make input
dc voltage Vpc into high-frequency square wave voltage v,
which will feed the Tx rectangular coils through the correspond-
ing LCC compensation network. Another full-bridge inverter
B composed of the MOSFETs (Q5—Q)s is developed to output
a high-frequency square wave voltage ve to supply the Tx
solenoid coils with the help of its LCC compensation network.
These two inverters are connected in parallel to share a single
dc source and operate independently. All the Tx rectangular
coils are in parallel and driven by inverter A, while similarly
all the solenoid coils are driven by inverter B. On the Rx side,
diodes D,—D, form a passive full-bridge rectifier to rectify the
induced ac output voltage of the Rx rectangular coil. V5 and
I are the output voltage and output current, respectively. The
equivalent load resistance of the DWPT system is donated as
Rp = % Circuit parameters of the proposed DWPT system is
summarized in Table II.
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TABLE II
DESCRIPTION OF CIRCUIT PARAMETERS

Symbols
LTR’L (7‘: 1’2ﬂ"‘)n)
Ls;i (7‘: 172’“'777‘)

Descriptions
Self-inductances of T'x rectangular coils
Self-inductances of Tx solenoid coils

L1;, C14, CTRi Compensation inductors and capacitors of
(i=1,2,...,n) LCC network for Tx rectangular coils

Loj;, Co4, Crs; Compensation inductors and capacitors of
(i=1,2,...,n) LCC network for Tx solenoid coils

Lg and Cr Self-inductance of Rx rectangular coil and

corresponding series compensation capacitor
Mutual inductances between Tx rectangular

Mrri-r (or Mrs;-R)

(i=1,2,...,n) (or solenoid) coils and Rx rectangular coil
iTR; (Or i7s;) Driving currents of Tx rectangular (or
(i=1,2,...,n) solenoid) coils

114 (Or i2;) Input currents of LCC networks for Tx rect-
(i=1,2,...,n) angular (or solenoid) coils

Output current of inverters A and B respec-

i1 and ipa, 7 . . .
T1 T2 'R tively, input currents of Rx rectifier

B. Modeling and Analysis of the Proposed DWPT System

As highlighted in Fig. 10, the inverters A and B on Tx
side operate independently, thus taking the ac voltage vy as a
reference, the phase difference between v and vrs is defined
as f. Fundamental approximation method is used for subsequent
analysis. Without loss of generality, V1, V1o, I1i, i, ITRi,
Itsi, and Ig are corresponding fundamental vectors of vy,
VT3, 911> 12i, UTRi» ¢TSi, and iR, respectively. The output voltages
of the inverters can be expressed as

4
VTl - — VDCZOO
™
4 o
VT2 - ; VDCZ& . (4)

The compensation components Li;, Cy;, Lo;, and Cy;
in the Tx RSPs together with the series resonant circuit
(Lg, CRr) on the Rx side are designed to be fully res-
onant, i.e., w = 1/\/[412012 = 1/\/L1@CM = 1/\/ LROR (Z =
1,2,3,...,n). All the compensation conductors and correspond-
ing capacitors of LCC networks for L, are identically de-
signed, i.e., L1; = L1, Cy; = C1, and Cpr; = Cpr. Similar
designs are also applied to Lrg; are the same, i.e., Lo; = Lo,
Cy; = C5, and Crs; = Cpg. The parasitic resistances of the
coils and the compensation components are ignored to simplify
the analysis. Based on the well-known analysis of LCL circuits
[16], [22], [25], [33], [34], the DWPT system is driven by
two current sources, and the output voltage V' can be readily
derived as

Vg =w?C)y Z MrrirVr1 +w?Co Z MrsirV 2. (5)

i=1 i=1

Subsequently, with (4), (5), and following the trigonometric
law of cosines, the dc output voltage of the proposed DWPT
systems can be described as follows:

VO = % |VR| = wQVDCC’l vV o+ ﬂ (6)
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where
a= (> Mrgir + & > Mrsir (7)
i=1 " Ct i=1 "
5= 205 Y00 Mrrir )iy Mrgircost ®

Cq

With (6), it is evident that the dc output voltage Vo is related to
Mrrr (e, Y Mrr,r) and Mrsr (e, > ;| Mrsigr).
There are two different terms and thus the basic idea to sup-
press power fluctuation for the proposed DWPT system based
on complementary of Mrr r and Mrg. R can be obtained as
follows.

1) Term j is relevant to the polarity of Mg g and Myg R.
As illustrated in Section II, Mg exhibits zero-crossing
polarity reversal, causing term 3 to encounter the same
issue. Therefore, there are two main schemes to operate
the proposed DWPT system independent of the polarity of
Mrr.r and Mg . First, polarity detection of Mg g and
reverse shifting of 6 is an active way to address this issue,
but the detection and control are complex. Alternatively,
to fully eliminate the control effort, 5 can be nullified by
setting 6 to be 7r/2 in this article.

2) Term « is regardless to the polarity of Mg g and Mrs R.
Since the changes of M# ; and M  are complemen-
tary to each other during the moving process of Rx RP,
Such that, it is possible to construct a nearly constant « in
the whole moving direction by designing C; and Cl.

Once the design of term « and term [ are satisfied, the
proposed DWPT system can operate irrelevant to the polarity
of Mrtr.r and Mrgr and achieve suppressing power fluctu-
ation based on the magnetic field complementary without the
necessity of complex detection and active control. Based on the
abovementioned, when § = 7/2, Term £ is zero, and the V(; can
be rewritten as

Vo = w?VpcC1v/a. &)

From (9), the output voltage is load-independent and a CV output
can be expected. It is configurable by tuning the compensation
parameter C and not restricted by the magnetic coupler.

C. Parameters Design for Power Fluctuation Suppression

Based on (9), the fluctuation of output voltage V is deter-
mined by « given as

a = Migp +AMig g (10)
where
C?
A= =2 11
e (11)

Ashighlighted in (10), the mutual inductance Mr.r, MTsR,
and A are affect factors in fluctuation of the output voltage. Thus,
a straightforward approach is to adjust the Mrr g and Mg g
based on the parameters design of the Tx RSP for achieving
a stable output characteristic during the moving process. This
way will restrict coupler design freedom significantly as well as
be time-consuming. As illustrated in Fig. 7, the absolute value
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of mutual inductance Mrgr g and Mrs g have opposite trends
and in a complementary manner during the moving process.
Such that, with (10), it is evident that « can be designed to be a
relatively stable value versus moving positions via selecting an
appropriate 1. In other words, the variation of the output voltage
Vo can be suppressed, along with unleashing the design freedom
in RSP. The fluctuation of the « is defined as

5= a|Max - CV|Min

= x 100%.
a|Max + a|Min

(12)
Here, a|yax and oy are the maximum and minimum values
of «v versus the moving positions.

According to (12) and mutual inductance shown in Fig. 7, the
fluctuation value § with various A are plotted in Fig. 11. It can
be advised that ¢ first decreases and then increases as a rise of
A. Thus, the minimum point represents the most advantageous
design point with minimal fluctuations, as shown in Fig. 11. To
be specific, with the design given in Fig. 11 as well as Mtr.r
and Mrs.r in Fig. 7, o can be calculated according to (10).
Thus, a versus misalignment can be plotted as shown in Fig. 12.
It can be observed that « is nearly constant and the fluctuation
is within 5.1%. Such that, based on (9), a nearly constant Vg
can be maintained over a wide-range displacement. Given the
aforementioned analysis, a design flowchart to detail the design
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Getting the input parameters of the DWPT
system, the installation and output requirements.

Determining parameters of Tx rectangular-
solenoid pad (RSP) and Rx rectangular coil based
on input and output data.

v
Setting the power fluctuation range d|rarget, then
obtaining the cross-coupling between the adjacent
rectangular-solenoid pads and plotting Fig. 9

—>| Selecting the spacing distance /4 based on Fig. 9.

Obtaining Mrg;r and Mrg; g under different
moving positions as plotted in Fig. 5 and Fig. 6
respectively, then calculating the Mrp g and Mrsg
with (2) and (3) as shown in Fig. 7.

Submitting the ratio of C; and Cy, and the data of
MTR-R and MTS-R in Flg 7 into (1 0) to obtain a\Max
and a|vip, then calculating the fluctuation of a
based on (12) and plotting Fig. 11.

Is the minimum
é‘Min$5|Targct?

Recording ratio of C; and C|, then designing the
C, and C, based on the output requirements.

End

Fig. 13.  Design flowchart for the proposed DWPT system.

procedure and consideration for the proposed DWPT system is
shown in Fig. 13. The design procedure of the proposed DWPT
system can be summarized as follows.

1) Getting the input parameters and the output requirements
of the proposed DWPT system, such as the input dc
voltage, input power, operating frequency, the output volt-
age, and output rated power, etc. Then, determining the
parameters of the Tx rectangular and solenoid coils, and
the Rx rectangular coil according to the input and output
data.

2) Setting the power fluctuation range drarget and obtaining
the cross-coupling between the adjacent RSPs and plotting
Fig. 9. Then selecting the spacing distance [4;s based on
Fig. 9.

3) Obtaining the mutual inductances Mtr; r and Mrg; R
under different moving positions as plotted in Figs. 5
and 6, respectively. Then calculating the Mg and
Mg based on (2) and (3) as shown in Fig. 7. Afterward,
submitting the ratio of C5 and (', as well as the data of
the Mrr.r and Mrg R in Fig. 7 into the (10) to obtain the
o|Max and a|pn. Finally, submitting o|yax and ofyin
into (12) to calculate the fluctuation of the o and plotting
Fig. 11.
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Fig. 15. Experimental prototype of 1 kW proposed DWPT system with
alternately-arranged segmented transmitters.

4) When the fluctuation dnin < Oarget achieves, the corre-
sponding ratio value of Cy and (' is the optimal design
point for the proposed DWPT system to achieve the best
power fluctuation suppression capability during the mov-
ing profile. Thus, recording this ratio of C; and C and
designing C5 and C based on the output requirements.
However, if the dumin > Orarget, the spacing distance lqjs
should be reselected according to Fig. 9 and redesigned.

IV. EXPERIMENTAL VERIFICATION
A. Experiment Setup

To verify the design and analysis of the proposed DWPT
systems, a three-module scale-down 1 kW DWPT system labo-
ratory prototype operating at 85 kHz switching frequency is built
based on the schematic in Fig. 10, as depicted in Fig. 15. The
proposed DWPT coupler, as illustrated in Fig. 14, is manufac-
tured based on the configuration in Fig. 4 with the parameters
provided in Section II. 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 HIOKI
IM3536 is utilized to measure the self-inductances (LrR;, Lrs;i,
and L) and the compensation parameters are designed based
on Section III, which are detailed in Table III. The STC4050
MOSFETs (Q1—Q)g are selected while the Rx rectifier (D1—Dy)
uses diodes MBR20200CTG. The two inverters (i.e., inverters
A and B) share a digital controller. 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
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TABLE III
MEASURED PARAMETERS OF THE DWPT PROTOTYPE

Coupler parameters ‘ Circuit parameters

Symbols Value Symbols Value

LTRi 99.82  pH, 99.56

(i=12.3) H, 9921 pH L1, Lo 21.65 pH, 15.32 pH
Lrs; 101.81 pH, 100.98

(i=12.3) uH., 101.36 pH C1, Cy 161.9 nF, 228.95 nF
Ly 99.86 nH Cr 35.18 nF

hgap 100 mm Crr,Crs | 41.96 nF, 42.06 nF
N 10 Vbe 150 vV

Ns 9 Dy -Dy MBR20200CTG

dc 3 mm Q1 -Qs STC 4050

90°, such that it can achieve a phase difference of 90° between
the two independent inverters. A programmable dc electronic
load (DH27605B) is employed to simulate a battery load, while
the power analyzer YOKOGAWA WT1803E is used to measure
the power distribution and the overall dc—dc efficiency of the
proposed system.

B. Static Characteristics and Load-Independent Output
Performance

Fig. 16(a) and (b) shows experimental waveforms of mod-
ulated voltage vT1, input current i1, modulated voltage vro,
input current ito, induced voltage vy, induced current iR,
and output voltage Vo at different moving positions AX =
0 mm and AX = 675 mm for full load with Ry, = 22.5(,
where AX = 0 mm is the position that the receiver is
fully aligned with the Tx1 and AX = 675 mm indicates
the position that the receiver arrives at the midpoint of the
Tx2 and Tx3. It can be observed that the output volt-
age remains almost 150 V although the receiver moves to
different positions. To validate the load-independent con-
stant voltage (CV) output characteristic of the proposed
DWPT system, an experimental process to step load from
2002 - 40 - 802 is implemented, as shown in Fig. 17. It can
be observed that as the load Ry, increases, the output current I
decreases, while the output voltage Vo remains almost constant.
Therefore, the proposed DWPT system possesses a good CV
output property.

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 O to 900 mm while AY = 0 mm), dynamic
experiments are carried out for the full load Ry, = 22.5¢2 and
halfload Ry, = 452, asshownin Fig. 18(a) and (b), respectively.
From Fig. 18, it is obvious that the output voltage V5 at full
load and half load are consistent and almost constant during the
moving profile. Fig. 20 provides the detailed Vo 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 900 mm] is within £5.42%. Thus the
proposed DWPT system possesses excellent power fluctuation
suppression performance.
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Fig. 16.  Experimental waveforms of the proposed DWPT system at different
moving positions. (a) AX = 0 mm. (b) AX = 675 mm.
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(a) full load Ry, = 22.52 and (b) half load Ry, = 45 Q.
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Fig. 19. Measured mutual inductance of the proposed DWPT system under
different Y-axis (left or right) misalignment conditions during moving range
AX € [0 mm 900 mm].

The complementary characteristic of the magnetic field for
suppressing output power fluctuation is always existing along
the X-axis, and thus the Y-axis (left or right) misalignment will
not affect the suppression of output power fluctuation over the
wide-range displacement along the X-axis. The Y-axis (left or
right) misalignment only affects the overall coupling coefficient.
It can be validated by Fig. 19. When there is Y-axis misalignment
as shown in Fig. 19, the relationship of Mrr.r and Mrggr
over the X-axis displacement is kept consistent. With the mutual
inductances shown in Fig. 19, the output voltage can measured
and plotted in Fig. 20. It can be observed that, when there is
Y-axis misalignment, suppression of output fluctuation (also
within 5.42%) against X-axis displacement can still be achieved.
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TABLE IV
COMPARISONS WITH STATE-OF-THE-ART WORKS
Works Tx & Rx Pad Tx & Rx Pad Uniform Tx & | Spacing Distance Co CZita]rjlzlleFte(;rite Output Efficiency
Structure Size (cm) Rx Pad Size / Tx Pad Size pp Usage Fluctuation Fluctuation
38.8x40 & .
[16] RP & RP 48.5%40 No 0% High <7.5% 2.9%
[18] DDQP & DDP 114?2X><6358& No 0% High <10.0% 4%
DDP+RP & 40x40 & .
[19] DDQP 20540 No 0% High <2% 2.3%
Anti-series RP 90x45 & -
[21] & RP 20%40 No 3.3% High < 4% 2.6%
DDP & 30x45 &
[25] DDP+QP 30%45 Yes 23.3% low 54.8% 19%
SP & 2
[27] cross-tiled 55x10 & No 9.1% low < 36.7% 2.0%
150% 80
DDP
This 30x30 &
work RSP & RP 30%30 Yes 50% low < 5.42% 1.2%
200 T T T T T . ; ; . .
—e—AY =0 mm 100
g —a—AY =30 mm
= 1751 | 6—AY = 60 mm 1
2
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Fig. 20. = Output voltage Vo at full load during moving range AX & [0 mm Fig. 22.  Measured DC-DC efficiency of proposed DWPT system within

900 mm] at different Y-axis misalignment conditions.
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Fig.21. Measured input and output characteristics of proposed DWPT system
at middle position AX = 450 mm for full load.

The amplitude of the output voltage decreases with the increase
of Y-axis misalignment due to the decrease of overall coupling.

Fig. 21 illustrates the power efficiency measured by a power
analyzer YOKOGAWA WTI1803E (the Rx pad locates at
AX =450 mm and AY = 0 mm, and the load condition is full).
The output power and power transfer efficiency are 1.02 kW and

moving range AX € [0 mm 900 mm] at full load.

84.9%, respectively. The measured efficiency over the dynamic
displacement is shown in Fig. 22, it can be observed that the
efficiency ranges from 84.7% to 85.9%, which means there is
only 1.2% fluctuation over the whole displacement range.

D. Comparison and Discussion

In order to suppress the power fluctuation and efficiency
fluctuation in DWPT systems over wide-range displacement,
some works have designed the segmented Tx track without
spacing distance or with a very small spacing distance between
the adjacent Tx pads, such as [16], [18], [19], and [21]. However,
although these design methods can achieve power fluctuation
suppression during the dynamic displacement, the adjacent
transmitters suffer from significant cross-coupling, such that
complex compensation designs or additional controls are re-
quired to address this issue. Moreover, it increases copper and
ferrite usage due to continuous arrangement of the transmitter
pad. Alternatively, some works design a segmented transmitter
track with spacing between adjacent pads, such as [25] and [27].
Although this design can significantly alleviate cross-coupling
and reduce copper and ferrite usage, a common issue is the
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significant power fluctuation in the spacing zone. Therefore,
there is still a research gap to suppress output fluctuation over
wide-range dynamic displacement while allowing large spacing
distance between transmitter pads and using passive approach
without complex sensing and control.

This article aims to bridge the research gap and propose a
novel transmitter track that can suppress output power fluctua-
tion against the wide-range dynamic displacement. The structure
is based on alternately arranged segmented RSPs, which has
not yet been reported in the literature. A comparison is made
between the performance of the proposed method and some
existing methods as highlighted in Table IV. It can be observed
that, significant advantages of the proposed design include wide
spacing distance between the adjacent transmitter pads and
allowing uniform size for the Tx and Rx pads to maximize
coupling coefficient. The output fluctuation is within 5.42%
when the spacing distance between the adjacent Tx pads is
set to 150 mm (about 50% of the proposed RSP length). The
fluctuation of the power efficiency is only 1.2%. Moreover, the
proposed design utilizes a uniform Tx and Rx pad size, such
that it can maximize the coupling coefficient for optimal power
transfer capability compared with asymmetric Tx and Rx pad
size [16], [18], [19], [21].

V. CONCLUSION

In this article, a novel transmitter track is proposed, which
is based on alternately arranged segmented RSPs. The Tx track
features magnetic field complementation to suppress the fluc-
tuation of output on the receiver side against the wide-range
and dynamic displacement, which are introduced and analyzed
comprehensively. In addition, a novel DWPT system based on
the proposed Tx track is developed with an orthogonal excitation
method and a detailed parameter design methodology. A 1 kW
DWPT experimental prototype using the proposed coupler and
excitation method with a LCC-S topology is constructed to verify
the analytical findings and design, and the experimental results
show that the output voltage fluctuation is within 5.42% during
the whole moving positions.
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