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Abstract—Wireless power transfer (WPT) offers a promis-
ing solution for continuous and contactless energy deliv-
ery to battery-electric locomotives (BELs). It enables in-
motion charging, which can significantly reduce the need
for prolonged static charging sessions and allow for smaller
onboard battery capacities. This paper presents a dynamic
wireless power transfer (DWPT) system specifically designed
for BEL applications, employing a parallel synchronized mul-
tiple LCL-S compensation topology operating at a switching
frequency of 85 kHz. A method for calculating the dynamic
coupling coefficient k is proposed to model the time-varying
magnetic coupling during motion. To validate the system,
a prototype incorporating three transmitters (Txs), one re-
ceiver (Rx), and a W-I-shaped magnetic coupler is developed
and tested. During static charging, the experimental results
demonstrate a peak DC-DC efficiency of 94.73% at 3.1 kW
input power, with over 92% efficiency sustained across a wide
range of input voltages and output load resistances. During
dynamic charging, the system maintains a stable efficiency
with the maximum value of approximately 89%. These results
also show agreement with theoretical predictions, validating
the system’s performance and robustness.

Index Terms—Wireless power transfer (WPT), inductive
power transfer (IPT), dynamic wireless power transfer
(DWPT), coupling coefficient, finite element (FE) analysis.

I. INTRODUCTION

LECTRIC locomotives, compared with diesel trains, offer
E superior energy efficiency and produce zero direct emis-
sions in the transportation sector. Their enhanced environ-
mental performance aligns with the principles of sustainable
development, making them a favorable choice for future
railway systems. Consequently, electric locomotives are being
increasingly adopted worldwide [1]. On the other hand,
there are still many areas that continue to operate numer-
ous inefficient, pollution-intensive diesel locomotives. The
transition to electric railways is pivotal for environmental
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sustainability. However, the substantial associated high up-
front capital costs in infrastructure and electric locomotives
pose a considerable barrier [2]. In the United States, for
instance, the cost of electrifying the railway by overhead
catenary system (OCS) can range from $3 million to $30
million per track kilometer [3], [4], and a new electric
locomotive might cost $2.7 million to $10 million [5]-[7].
As a result, less than 1% of its railway is electrified, despite
having the largest railway network in the world [8].

Converting diesel locomotives into battery-electric loco-
motives (BELs) by equipping them with battery systems and
charging them using dedicated infrastructure is a feasible
solution for railway electrification [9], [10]. Compared with
constructing OCS, this approach requires only the installation
of charging facilities without the need to reconstruct the
entire railway network. Meanwhile, it enables the reuse
of existing diesel locomotives through electrification, rather
than purchasing new rolling stock, thereby significantly re-
ducing investment [11]. Moreover, compared to conventional
diesel locomotives, the total cost of ownership (TCO) of
converted BELs is substantially lower, only 67.65% of the
diesel locomotives over a 20-year operational period [11].

The BEL solution involves stationary wired charging se-
tups complicated by logistical challenges and restricted by
environmental conditions. It requires handling bulky, high-
voltage cables, which can be labor-intensive and pose safety
risks. In addition, due to the current low battery power den-
sity, the battery pack must have a large volume and a heavy
weight to meet the huge energy needs of locomotive oper-
ation. For instance, a BEL weighing 196 tons and powered
by an 8.5 MWh battery pack could require 42.5 to 60.7 tons
of lithium nickel manganese cobalt oxide (NMC) batteries,
assuming an energy density of 140-200 Wh/kg [12]. This
battery mass would account for approximately 21.7% to 31.0%
of the total vehicle weight. The excessive weight significantly
increases the cost and reduces operational efficiency.

To address these limitations, wireless power transfer
(WPT), particularly inductive power transfer (IPT), has
emerged as a promising alternative for BEL charging [13]-
[16]. In addition to its technical advantages, WPT eliminates
the need for cumbersome cables, thereby reducing manual la-
bor and improving operational safety. More importantly, it fa-
cilitates dynamic charging during vehicle operation, substan-
tially reducing charging time and allowing for smaller battery
packs [17]. These advantages collectively contribute to cost
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reduction, efficiency improvement, and enhanced practicality.
In the EV sector, WPT standards are evolving to ensure
interoperability, alignment, and safety. Key standards include
SAE ]J2954 for light-duty plug-in EVs [18], SAE J2954/2 for
heavy-duty EVs [19], and the upcoming SAE ]J2954/3 for
dynamic charging. Other standards, including the IEC 61980
series and ISO 5474-4 [20], provide international guidance
for stationary and dynamic WPT. While specific standards
for railway WPT remain under development, research in
this area has grown steadily over the past decade. Table I
summarizes selected WPT systems for railway applications
since 2010, listing active research institutions and key system
parameters. The transmitted power in these studies ranges
from a few kilowatts up to several megawatts, with static
power transfer efficiencies varying from 74% to 94%.

Within these studies, Xu et al. develop a railway WPT sys-
tem featuring a discrete W-I-shaped core design and an LCL-S
compensation topology [35], [36], which achieves a relatively
high coupling coefficient (k) while significantly reducing the
amount of magnetic material required. Compared to other
designs, this approach reduces magnetic material usage by
up to 93.2%, with only a 31.6% decrease in the coupling
coefficient. Initial tests show a static DC-DC efficiency of
85.6% at 1.7 kW, and subsequent improvements increase the
efficiency to 92.5% at 5 kW. These results demonstrate the
design’s strong potential in terms of both cost-effectiveness
and performance. However, current research efforts primarily
focus on static charging, while the more promising dynamic
charging mode remains underexplored.

To further advance the prior work and ultimately enable
wireless charging for the historical trolleys of the Belmont
Trolley project [40], this study conducts an in-depth investi-
gation into dynamic wireless power transfer (DWPT). First, a
DWPT system based on a parallel synchronized multi-LCL-S
compensation topology is proposed. The dynamic behavior

TABLE I
OVERVIEW OF WIRELESS POWER TRANSFER FOR RAILWAY APPLICATIONS

Year | Org. | Topo. |Airgap(cm)|Power(kW)|Eff.(%)|Ref.
2010 | KAIST sS 20 27 740 | [14]
2011 KAIST SS 20 27 74.0 [21]
2012 KAIST SS 20 79.5 81.70 | [22]
2013 | KAIST SS 20 - 91.0 | [23]
2013 | UA LCLT - 6.0 940 | [24]
2014 KAIST SS 26 100 80.0 | [25]
2015 RTRI SP 7.5 38.7 73.0 [16]
2015 KAIST SS 5 1000 82.70 | [13]
2015 | KAIST S 20 95 91.0 | [26]
2017 SWJTU SS 7 2.1 93.62 | [27]
2017 |JR Central SS 13 12 89.0 | [28]
2018 | SWJTU | LCC 15 25 92.58 | [29]
2019 | CUT | LccC 15 278 93.0 | [30]
2020 BIT LCC-S 4 7.85 92.0 | [31]
2020 | KAIST S5 23 12.7 908 | [32]
2020 HIT LCC-S 30 5.0 82.70 | [33]
2021 | SWJTU |LCC-LCC 3 12 9220 | [34]
2021 | UNCC | LCL-S 127 17 856 | [35]
2022 UNCC LCL-S 12.7 5.0 92.5 | [36]
2023 RTRI SP 15 155.2 92.0 [37]
2024 RTRI SS 15 150 90.0 [38]
2025 | KRRI S 6 1000 901 | [39]

Fig. 1. Dynamic WPT system for locomotive with Txs between tracks and
Rx in the vehicle.
of the coupling coefficient under motion is then analyzed,
followed by the development of a prototype system. Finally,
comprehensive experiments are carried out to evaluate both
static and dynamic charging performance, thereby verifying
the feasibility and effectiveness of the proposed approach.
The remainder of this paper is organized as follows.
Section II analyzes the DWPT system, including the system
concept, circuit topology, magnetic coupler design, dynamic
coupling coefficient modeling and derivation, and proto-
type development. Section III focuses on static testing and
analysis, covering misalignment effects, loss analysis, and
static charging experiments. Section IV presents the dynamic
testing and analysis, including dynamic charging perfor-
mance, coupling coefficient variation, magnetic flux density
distribution, and the influence of transmitter spacing. Sec-
tion V discusses two application scenarios. Finally, Section VI
concludes the paper and outlines directions for future work.

II. DWPT SysTEM FOR BELS
A. DWPT System Concept

Fig. 1 illustrates a simplified DWPT concept for BEL,
consisting of ground side and locomotive side compo-
nents [41]. The ground-side includes multiple modular trans-
mitters (Txs), Tx controllers, and supporting infrastructure.
The Txs and controllers are installed between the tracks,
near the infrastructure at the charging site. The locomotive
side includes at least one modular receiver (Rx) and an
Rx controller. The Rx is mounted under the locomotive,
while the Rx controller is placed inside the locomotive. The
system draws power from the grid and converts it into high-
frequency AC (85 kHz), which is then wirelessly transmitted
via electromagnetic fields from the Txs to the Rx. The Rx
controller converts the received AC to DC and delivers it to
the locomotive’s power system, where it is used to charge
the battery. This article focuses solely on the WPT system
from the Tx controller to the Rx controller.

B. DWPT Topology and W-I-Shaped Coupler

In this work, the LCL-S compensation topology is adopted
to enhance power transfer capability and reduce the volt-
ampere (VA) ratings. As illustrated in Fig. 2, the Tx side
consists of three transmitters (Tx1, Tx2, and Tx3), each
configured with a half LCL-S compensation network and
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Fig. 2. DWPT circuit with an LCL-S compensation topology consists of
three Txs and one Rx.

connected in parallel to the DC source Vg jn. Four MOSFET
switches (Sx1 to Sx4, where “x” denotes the Tx number) are
employed to generate an 85 kHz AC. The three transmitters
share the same set of gate drive signals, and they can generate
synchronous AC and magnetic fields. On the Rx side, a SiC
diode full bridge module (D1 to D4) is used to rectify AC
back to DC, then the DC is filtered by a capacitor Cy. and
sent to the load resistor Ryc.

Fig. 3 illustrates the W-I-shaped magnetic coupler [41]. The
upper section shows the Rx side, which consists of six pairs
of I-shaped cores (“Rx core” in Fig. 2), an Rx coil (“Ls” in
Fig. 2), and an Rx frame. The lower section presents the Tx
side, which includes six W-shaped cores (“Tx core” in Fig. 2),
a Tx coil (“L,” in Fig. 2), and a Tx frame. The Rx-side I-shaped
cores are composed of twenty-four I-100/25/25 bars, while the
Tx-side W-shaped cores consist of twenty-four 1-100/25/25
bars and twelve U-100/57/25 bars. The cores are made of 3C90
material from Ferroxcube, with a relative permeability of
approximately 2300 [42]. Both coils are wound using 1500/38
Litz wire, comprising 1500 strands of 38 AWG (0.1 mm) wire.
The air gap between the Tx and Rx sides is 12.7 cm.

C. Coupling Coefficient ks during Dynamic Charging

For DWPT used in railway systems, there should be
multiple Txs to cover enough range to support dynamic
charging. Fig. 4(a) demonstrates a model with one Rx coil
and N Tx coils (Txl to TxN). The dots on the coils marked
with “I”, “c”, and “r” represent the left center of the coil width,
the center of the whole coil, and the right center of the coil
width. Seven sections, from Position 1 (P1) to Position 7 (P7),
indicate the positions of the Rx coil and Tx coils during the
dynamic charging. For example, P1 corresponds to the “r”
center of Rx coil aligning with the ‘I” center of Tx1 coil. ’Ihe
distance between the “c” center of Rx coil and the “c” center
of Tx1 coil is defined as the misalignment distance Dy;s.

Fig. 4(b) illustrates how the coupling coefficient ks varies
with the misalignment distance Dy, during the dynamic
charging process. The ks axis represents the coupling coef-
ficient between the Rx and all Txs, which can be considered
the sum of the coupling coefficients between the Rx and each
Tx in this paper. Based on seven positions, the whole process
can be divided into six stages. (1) Approaching stage: From

Receiver (Rx)

/

Transmitter (Tx)

Fig. 3. W-I-shaped coupler with W-shaped cores on the Tx side and I-shaped
cores on the Rx side.

P1 to P2; (2) Falling stage: From P2 to P3; (3) Flat stage: From
P3 to P4; (4) Rising stage: From P4 to P5; (5) Repeating stage:
From P5 to P6; (6) Leaving stage: From P6 to P7.

D. Equations for Coupling Coefficient k ;s

There are some accurate closed-form formulations avail-
able for calculating the mutual inductance and coupling co-
efficient between rectangular coils [43]-[45]. However, these
models typically assume simplified boundary conditions, such
as a uniform air medium with constant permeability [43],
[45], or a continuous magnetic plate close to the coils [44].
In this work, the receiver and transmitters employ discrete
magnetic elements, making such analytical formulations no
longer directly applicable. Deriving a new closed-form so-
lution under these nonuniform magnetic conditions would
be mathematically challenging. Therefore, in this paper, an
engineering-oriented approach is adopted to estimate the
coupling coefficient, providing a practical balance between
analytical simplicity and modeling accuracy for systems with
distributed magnetic structures.

Three assumptions are made in calculating the misalign-
ment coupling coefficient ky;s: (1) Due to the distributed
arrangement of magnetic cores, the electromagnetic field is
nonuniform. Accurately modeling it under actual conditions
would be overly complex and unnecessary; therefore, the
electromagnetic fields of the Tx and Rx are assumed to be
uniform, and the coupling coefficient is considered directly
proportional to the overlapping length between the coils. (2)
All Tx coils are assumed to have identical inductance values
and geometric structures. (3) Since the lateral movement of
the train is relatively small, misalignment is assumed to occur
only along the track direction. With these three assumptions,
a simplified analysis can be conducted to evaluate the sys-
tem’s dynamic performance.

Fig. 5 illustrates the parameters for calculating ks [41].
Lgxc 1o is the outer length and Lgyc i is the inner length
of the Rx coil; Lt 1o is the outer ler;gth and Lty j is the
inner length of the Tx coil; Dy is the distance between the
Rx and Tx1; Drr is the distance between the two adjacent
Tx coils. Using these parameters, the expressions of distance
D5 for each position are derived and listed in Table II. The
relationship between the coupling coefficient ks and D
at each stage is derived as follows.
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Fig. 4. Dynamic charging process: (a) Positions of the Rx coil during dynamic charging; (b) Coupling coefficient (kmis) during dynamic charging.
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Fig. 5. Parameter definitions for calculating coupling coefficient Kp;s.
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At the “Approaching” stage, Dp;s ranges from P1 to P2, P4 Lt 1o+Lmc i 4
kmis can be calculated by: + 4
Fonis = Kalg (1 + L) ) (n— 1)(LTXC710+DTT)+M
Lrxc_to - L i Fs Lrxc_to+Lrxc_ti | Lrc_lo—Lrxc i | D
where kg, is the coupling coefficient value when Rx is 4 ‘ 2 i
aligned with Tx. It will be obtained through experiments. Lse 1otLasc i
At the “Falling” stage, Dyy;s ranges from P2 to P3, ks can - (N =2)(Ltc_o+D11)+—
be calculated by: +LTXC710+LTXC7H % Lt 10— Ltxc 1 \ Dyt

4 2

@

2(Dpis — (n — 1)(L D
1— (Dmis — (n )( TxC_lo + TT))) Lisc_to+Lrnc i

kmi = ka
) '8 ( Lpxc 10 + Lrxc_1i (N = 2)(Ltec_1o+D11)+
: B B P7 3(Lnc ot Lnc 1) L to—Lnc 1
where n is the No. of the Tx, and n € {1,2,...,.N — 1}, N 4 AEDC o THIC i) | IXC o T HIC i py
is the total number of Txs. 4 2
At the “Flat” stage, Dp;s ranges from P3 to P4, ks is a

constant value and can be calculated by:

At the “Repeating” stage, ks repeats the stage from P5 to
P6 periodically.
Kmis = Kag (1 _ (D TZ""LT"C ‘z_ Lxc “)) 3) At the “Leaving” stage, Dps ranges from P6 to P7, ks
RxC_lo  LReC_li can be calculated by:

At the “Rising” stage, Dp;s ranges from P4 to P5, ky,;s can
be calculated by: Emis = Kalg (1 -

2(Dmis - (n — 1)(LTXC710 + DTT)))
Lpxc 10 + Lrxc_1i

®)

2(Dmis — (N = D) (L1xc_10 + DTT)))
Lpxc 10 + Lrxc_1i

Fmis = kg (1 + (4)  where N is the total number of Txs.
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TABLE III
ExPERIMENTAL TTSR MODEL PARAMETERS FOR DYNAMIC CHARGING.
Parameter Symbol Value
Total Tx number N 3
Rx coil outer length Lgxc 10 125.73 cm
Rx coil inner length Lgxc 1 118.11 cm
Tx coil outer length Lxc 10 124.46 cm
Tx coil inner length Lrc 1 119.38 cm
Space between Txs D1 0
Tx capacitor Cr 48.89 nF
Rx inductor L 175.30 uH
Rx capacitor Cs 20 nF
Tx inductor Ly, Ly 71.70 pH
Aligned coupling coefficient kalg 0.2327
Switching frequency f 85 kHz

In this work, a three-transmitter and single-receiver
(TTSR) model is used for the experiment and the model’s
parameters are listed in Table III. By substituting the values
into equations from (1) to (5), the ky;, for the TTSR WPT
system can be calculated by (6).

kmis =

Dmis
0.2327 1+ ,
121.92

if  —121.92 < Dyis <0

121.92
if 124.46(n — 1) < Dpis < 124.46n — 121.92

Duis — 124.46n + 124.46
0.2327 [ 1— ,

0.2279,
(6)
if  124.46n — 121.92 < Dy < 124.46n — 2.54

Dinis — 124.46n + 124.46
0.2327 [ 1+ ,
121.92
if  124.46n — 2.54 < Dpis < 124.46n
Dinis — 248.92
0.2327 [1—- =~ %)
121.92

if  248.92 < Dps < 370.84

where n € {1,2} is the order of Tx, and Dy is the Rx-Tx1
distance. For clarity, the unit of D (cm) is omitted.
Fig. 6 shows the equivalent circuit, subject to the design
. : 1 . 1
constraints jwLg = — ot Lr = Ly, and jwlg = —acs
The input and output voltages are derived as follows:

1 1

‘/in = inijR + (Iin - Il)jch = - 1jWCR (7)
. . 1 )
Vo = LijwM + I (]WLS + 7) =l jwM 8)
JwCs
M I2 Ls C:
|y Vo
joMI, R

Fig. 6. LCL-S compensation topology equivalent circuit.

The mutual inductance M is defined as:

M = ky/IpLs ©)

where k is the coupling coefficient.
Combining (7), (8), and (9) yields:

Vo = kVip w?/LpLs Cr (10)
Therefore, the DC output voltage can be expressed as:
Vdciout =k Vdciin WQ V LpLS CR (11)

By combining (6) and (11), for a TTSR model, the DC output
voltage Vic ou can be calculated by (12):

‘/dciout =

0.3639 <1+ Domis ) Vic_in» if —121.92 < Dy < 0
121.92) -
Dinis _

0.3639 <1— 121.92> Vie_ins if 0 < Dpis < 2.54

0.3562Vje_in, if 2.54 < Diis < 121.92
Dunis — 124.46

0.3639 <1+ 5102 > e iy if 121.92 < Dpis < 124.46
Dunis — 124.46

0.3639 (1— o > Vie i, if 124.46 < Dyys < 127

0.3562Vic_in, if 127 < Dpis < 246.38
Dinis — 248.92

0.3639 <1+12192> Ge_in, If 246.38 < Dppis < 248.92
Dinis — 248.92

0.3639 (112192> Ge_ins if 248.92 < Dppis < 370.84

(12)
where Dy is the Rx-Tx1 distance. It is worth noting that
(6) contains only six terms, while (8) has eight terms. This
is because different values of n (i.e., 1 and 2) are substituted
into (6) to derive the result.

Similarly, by combining (6) and (11), and setting N= 1 (n
= 0), the output voltage Vic ouw of a single-transmitter and
single-receiver (STSR) model can be predicted by (13).

Dmis
0.3639(1+ =) Vae_in, —121.92 < Dpnis <0
Vdciout = D '_ (13)
0.3639(17ng2)\/®7m, 0 < Dpnss < 121.92

Fig. 7 illustrates the overall output voltage trends. The
STSR waveform calculated from (13) exhibits a triangular
shape, indicating the general trend of voltage rising as Rx
approaches Tx, peaking at alignment, and decreasing as Rx
moves away. The TTSR waveform derived from (12) features
a rising slope, a flat region while Rx passes over the Txs, and
a falling slope, with three small peaks observed at alignment.
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Fig. 7. Calculated output voltage trends under misalignment for STSR and
TTSR
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TABLE IV
DESIGNED AND MEASURED PARAMETERS OF PROTOTYPE.

Component | Parameter | Designed | Measured
Lyt 72.64
Tx coil (uH) L2 71.70 71.63
T 7171
Ira 72.64
Tx Inductor (uH) Ly 71.70 71.63
Ixs 7171
Cr1 18.26
Tx Capacitor (nF) Chro 48.89 48.94
Crs 43.90
Rx coil (nH) Ls 175.30 176.43
Rx Capacitor (nF) Cs 20 20
DC Capacitor (nF) Clc 120 120
Load resistor (£2) Ry 5-50 5-50
Air gap (cm) Dy 12.7 12.7
Frequency (kHz) f 85 85

E. Prototype and Parameters

The TTSR prototype used for dynamic performance testing
is shown in Fig. 8, consisting of the Tx side, the Rx side, and
various test equipment. The Tx side includes three Txs (each
comprising a Tx coupler and an inverter), a digital signal
processor (DSP, TI LAUNCHXL-F28379D), and a section of
track. The Txs are positioned between the tracks, with the
DSP generating the switching frequency signals. The track
spacing is 143.5 cm. The Rx side comprises a Rx coupler
and rectifier mounted on a movable platform, along with an
LED bar. The Rx coupler is suspended beneath the platform,
while the rectifier is mounted on top. The platform has
four wheels, a steel frame, and a wooden panel. The LED
bar, installed on the platform frame, indicates the power
transfer status. The test setup also includes a DC power
source (Chroma 62100H-1000), an electronic load (Chroma
63200A), a power analyzer (TEKTRONIX PA3000), and two
oscilloscopes (Tektronix MDO3054, only one shown in the
picture). The corresponding parameters are listed in Table IV.

~ P
Tx 1 inverter| Tx2 coupler; y .‘Power analyzer

TxI1 coupler < Electronic load

Movable platform

Tracks

Fig. 8. Prototype of the dynamic WPT system with three Txs and one Rx.

II. StaTIC TEST AND ANALYSIS
A. Misalignment Experiment and Analysis

For the static misalignment test, only Tx1 and Rx in the
TTSR model are energized, making it an STSR model. The
input voltage Vj. i is set to 705 V, and the load resistance
Ry is fixed at 21 ). The resulting waveforms are presented
in Fig. 9, where Fig. 9(a) displays the waveforms on the Tx
side, and Fig. 9(b) shows those on the Rx side. Due to the
use of two separate oscilloscopes, dashed lines are added in
each figure to indicate the time synchronization points.

The experimental results of the STSR model under mis-
alignment conditions are shown in Fig. 10. The lower part
demonstrates the positions of Rx and Tx1. During the test,
the Rx moves above the Tx1 from left to right with a step
of 5.08 cm. The misalignment distance between Rx and Tx1
(Dryis) is from —137.16 to +137.16 cm. The distance between
the Rx coil and Tx1 coil (air gap) is 12.7 cm.

The middle part presents the input power Py i, output
power Py, ou, and DC-DC efficiency npc.pc versus Diyy;s. The
waveforms of Py i and Pic ou show a steep peak shape.
When Rx and Tx1 are aligned, they reach the maximum
value simultaneously, then drop rapidly on both sides, even
if the Dpys is not large, which means the system power is
susceptible to misalignment. The waveform of 7pc.pc shows
a table shape with a flat top. It also reaches the peak
when Rx and Tx1 are aligned, but the drop is not obvious
when the Dy is small, which implies that efficiency is not
sensitive to misalignment. 7pc.pc reaches a maximum value
of 94.73%, corresponding to the maximum Py i, of 3102.26
W and the maximum Py, oy of 2938.69 W. In addition, the
efficiency curve demonstrates that the system maintains a
high efficiency of 90% even when the D, is 40 cm, which
is approximately 1/3 of the total length of the Tx coil (124.46
cm). This highlights the system’s excellent anti-misalignment
performance in maintaining efficiency.

The upper part displays the output voltage Vi out, in-
put current I1y, output current Igc ou. and the calculated
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Fig. 9. STSR model experimental waveform at input voltage of 705 V.
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Fig. 10. STSR model misalignment experimental results at input voltage 705
V and load resistor 21 €2.

output voltage Ve ouc. The Vie o and Ij. onr waveforms
resemble triangles. This suggests that the coupling coefficient
or mutual inductance is linearly related to misalignment.
Meanwhile, the input current I1y; exhibits a parabolic shape,
resulting from the constant input voltage and fixed load
resistance. The results shows the maximum Vy. oy of 250.42
V, the maximum 4. o of 11.88 A, and the maximum It
of 4.46 A during test.

Furthermore, the calculated Vy. ouwc waveform shows a
high level of consistency with the experimental measure-
ment. Both waveforms display a triangular profile, and the
peak voltage differs by only 2.42%. This consistency confirms
that the theoretical model accurately captures the behavior
of the STSR configuration under misalignment conditions,
thereby validating the proposed calculation method through
experimental verification. However, it should be noted that
a sharp peak appears in the calculated waveform but is
not evident in the experimental results. This discrepancy
primarily arises from the simplified analytical model, which
neglects the coil width, as well as from measurement preci-
sion limitations during the experiment.

B. Loss Analysis

The system loss analysis is conducted through two sim-
ulations. Circuit-related losses, including inverter switching
loss, rectifier loss, coil loss, Tx compensation loss, Rx com-
pensation loss, and other component and wiring loss, are
evaluated using an STSR model in PLECS, whereas magnetic
core losses (comprising both hysteresis and eddy current
losses) are quantified using an Ansys Maxwell model. As
shown in Fig. 11, the simulated maximum efficiency of the
STSR model reaches 95.31% under perfect alignment, which
is slightly higher than the corresponding experimental value.
Within the total power loss of 4.69%, the coil loss constitutes
the largest portion, at 2.65%, indicating that coil optimization
could further improve the overall efficiency. Other losses,
such as cable and PCB copper losses as well as eddy current

0,
100% Loss breakdown
80%
60%
Efficiency 95.31%
40%
20%
0% Loss 4.69%

Fig. 11. Simulated maximum efficiency and loss distribution of the STSR
model.

losses in the track and steel trailer, contribute only 0.24%.
The magnetic core losses in ferrite bars are only 0.08%.

C. Static Charging Efficiency Map

Efficiency is a critical performance indicator for WPT
systems. To investigate the efficiency characteristics, addi-
tional experiments are conducted with load resistance Rg.
varying from 15 to 34  and input voltage Vi in ranging
from 100 to 500 V, with the results shown in Fig. 12. From
the perspective of input voltage, higher voltages generally
correspond to increased efficiency. For instance, when the
Vie in 1s 100 V, the efficiency is from 89% to 90%; when the
V:ic_in is 500 V, the efficiency is from 93.5% to more than 94%.
From the perspective of load resistors, there is an optimal
range, efficiency peaks within this range, and decreases as it
deviates. It can be observed from the figure that the optimal
efficiency, exceeding 94%, is achieved when the voltage is
above 450 V and the resistance is between 15 and 23 ).
In addition, the system also features an efficiency of more
than 92% in most areas within the tested range, which is a
notable advantage. These findings provide valuable references
for optimizing the system and guiding its future applications.

IV. DyNaMIC TEST AND ANALYSIS
A. Dynamic Test and Analysis for Zero Drr

The dynamic tests are performed using the TTSR model,
with the spacing between adjacent Tx coils (D) set to 0
cm. The test conditions are as follows: input power is 3 kW,
input DC voltage (V. _in) is 500 V, and load resistance (Rq.)
is 15 Q. The distance between the Rx and Tx2 serves as the
reference position. When the Rx is aligned with Tx2, the

Fig. 12. Efficiency map with input voltage V. i, from 100 to 500 V and
load resistor Ry, from 15 to 34 Q. B
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Fig. 13. TTSR model dynamic experimental results at input power Py, =3
kW, input voltage Vyc in=500 V, and load resistor Rq4.=15 €2. -

misalignment distance (Dps) is defined as 0 cm, and Dy
ranges from -331.5 cm to +331.5 cm.

The experimental results are reported in Fig. 13. The lower
part illustrates the positions of Rx and the Txs, showing that
Rx moves from left to right above the three Txs. The upper
part shows the measurements, including voltage, current,
power, and efficiency. The details are described below.

(1) At position S1 (Dpy;s = —331.5 cm), no current is induced
in the Rx coil and no power is transferred, resulting in zero
efficiency. However, small currents remain in the Tx coils due
to circuit losses, leading to an input power of about 230 W.

(2) At position A (Dpis = —249 cm), the Rx coil begins
to overlap with Tx1. A current is induced in the Rx coil,
increasing Ity;, while Tx2 and Tx3 still carry only loss
currents. Consequently, the system starts generating output
voltage, current, and power, and the DC-DC efficiency be-
Comes nonzero.

(3) From position A to position B (Dy,;s from —249 cm to
-127 cm), the Rx continues to approach Tx1. As more of the
Rx coil overlaps with Tx1, Ve outs Ldc outs Pic out> ad 7pc-pe
increase progressively. - - -

(4) At position B (D5 = —127 cm), the Rx coil is fully
aligned with Tx1. I1,; and the Rx current both reach their
peak values, and the system achieves maximum Vi out,
Isc out> Pac_out» and 7pc-pc. Meanwhile, Ity, begins to rise
as the Rx approaches Tx2. A small voltage peak is observed
at this alignment, as highlighted in the enlarged view of
the Vi ou waveform, although it is not prominent due to
geometric tolerances in the setup.

(5) From position B to position C (Dp;s from -127 cm
to 0 cm), the Rx moves between Tx1 and Tx2, aligning
partially with both. Ity decreases while Iry, increases, and
Tx2 begins delivering more energy. The system maintains
stable operation with high output power and efficiency.

(6) At position C (Dpis = 0 cm), the Rx coil aligns perfectly
with Tx2. Iy, reaches its maximum, Ity drops nearly to

zero, and Iry; starts to rise. The system continues to operate
stably at maximum output power and efficiency. Another
small voltage peak can be observed on the waveform.

(7) From position C to position E (Dy;s from 0 cm to
249 cm), the system behavior mirrors that of the A-C
transition. As the Rx moves away from Tx2 and aligns with
Tx3, the input current shifts from Tx2 to Tx3, and the output
power and efficiency decrease gradually after reaching a peak
at position D.

(8) From position E to position S2 (Dyy;s from 249 cm to
331.5 cm), the Rx moves away from all Txs, and the output
power drops to zero.

The experimental results further demonstrate that the
system can maintain the highest level of efficiency during
dynamic charging, with both system input and output power
increasing and decreasing smoothly at the beginning and end
of the charging process. These characteristics are beneficial
for practical applications. Additionally, it can be seen in
the voltage section, the calculated Vic ouc waveform closely
matches the experimental results in waveform characteristics.
This strong correlation confirms that the proposed theoretical
model remains valid for the TTSR configuration under dy-
namic conditions, further verifying the accuracy and practical
applicability of the calculation method.

It is worth noting that, due to circuit losses within and
between the Txs, as well as the presence of unloaded Txs
during operation, the system’s maximum efficiency in the
dynamic experiments is approximately 89%, which is lower
than the peak efficiency of 94.73% achieved under static
conditions. Potential approaches to further improve efficiency
include optimizing the Tx and Rx circuit design to reduce
impedance losses and implementing an adaptive control
strategy to disable inactive Txs during operation.

B. Dynamic Coupling Coefficient (k) Analysis

In WPT systems, misalignment is a critical factor in-
fluencing output stability. Compared with EVs or small
electronic devices, misalignment in electric trains exhibits
unique characteristics. The railway tracks effectively con-
strain lateral misalignment, while the use of multiple series-
connected transmitters helps mitigate the impact of longitu-
dinal misalignment. In practical dynamic charging scenarios,
vibrations induced by train motion inevitably introduce coil
misalignment. Therefore, it is essential to analyze this effect.

As shown in Fig. 14 (a) to (h), the coil misalignment can
be decomposed into six degrees of freedom, including three
translational directions in Fig. 14(a): x-direction (lateral, per-
pendicular to the track), y-direction (longitudinal, along the
track), and z-direction (vertical, perpendicular to the ground);
as well as three rotational directions in Fig. 14(b): x-axis
rotation, y-axis rotation, and z-axis rotation. Any practical
misalignment condition can be regarded as a combination of
these six basic freedoms.

Fig. 15 shows the effect of different misaligned freedoms
on the coupling coefficient in the STSR model based on
finite element analysis. For clarity of comparison, the figure
presents the misaligned coupling coefficient (kp;s), expressed
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Fig. 14. Coil misalignment can be decomposed into six degrees of freedom:
(a) three degrees of translation freedom, (b) three degrees of rotation
freedom, (c) x-direction translation, (d) y-direction translation, (e) z-direction
translation, (f) x-axis rotation, (g) y-axis rotation, (h) z-axis rotation.
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Fig. 15. Effects of six misalignment freedoms on the coupling coefficient (k):
(a) three translation misalignment freedoms, (b) three rotation misalignment
freedoms.

as a percentage relative to perfect alignment (k). AS dis-
played in Fig. 15(a), the misalignment along the z-direction
has the most significant impact on the coupling coefficient,
followed by the x-direction, while the y-direction has the
least effect. As analyzed earlier, misalignment along the y-
direction can be mitigated by arranging multiple transmitters
in series. Z-direction misalignment can be alleviated through
the precise design of the receiver mounting brackets and
by maintaining a uniform transmitter height. X-direction
misalignment can be reduced by avoiding the installation of
transmitters at curved sections of the track. For rotational
misalignment, shown in Fig. 15(b), x-axis and z-axis rotations
have comparable effects but with opposite trends: x-axis
rotation increases the coupling coefficient, whereas z-axis
rotation decreases it. Meanwhile, rotation around the y-axis
has a negligible influence. Since x-axis rotation may result
from track slope variations and z-axis rotation from curved
sections, transmitters should therefore be avoided at locations
with slopes and curves.

190.5 cm

mis —_ _

- 127 cm

mis

Fig. 16. Magnetic flux density (B) during dynamic charging: (a) Dpis is
-249 cm; (b) Dpys is -190.5 cm; (¢) Diis is -127 cm; (d) Dpis is -63.5 cm; (e)
Dhiis is 0 cm.

C. Magnetic Flux Density (B) Analysis

The magnetic flux density (B) is a key parameter in
WPT. To better understand the dynamic charging process,
the magnetic flux density is simulated using finite element
analysis, with the results shown in Fig. 16. For clarity, only
the coils and magnetic cores are displayed. These simulations
illustrate how the flux distribution evolves as the Rx moves
relative to the Txs during charging. At D = -249 cm in
Fig. 16(a), only loss currents exist in the Tx coils, resulting in
very low flux density. At Dy = -190.5 cm in Fig. 16(b), the Rx
partially overlaps Tx1, concentrating flux in the overlapping
region. At D = -127 cm in Fig. 16(c), full alignment with
Tx1 maximizes flux density, coupling, power, and efficiency.
At D5 = -63.5 cm in Fig. 16(d), the Rx spans Tx1 and Tx2,
maintaining high coupling and output. Finally, at Dy, = 0
cm in Fig. 16(e), alignment with Tx2 produces another peak
in flux, power, and efficiency.

D. Dynamic Test and Analysis for Various Drr

The previous analysis and tests demonstrate the system’s
performance with Drt set to 0 cm. In practical applications,
however, this spacing may vary. To evaluate performance un-
der more realistic conditions, additional tests are conducted
with Dyt ranging from 0 to 106.68 cm in 5.08 cm increments.
Fig. 17 illustrates the input power Py in, output power
P out, and DC-DC efficiency rnpc.pc at four representative
Drr values. The results show stable waveforms when Dyt
= 0 cm. As Drr increases, sags appear in the waveforms,
becoming wider and deeper with larger spacing. These sags
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Fig. 17. Input power, output power, and efficiency at various Drr.

Fig. 18. 3D surface graph of power and efficiency at various Drr: (a) Input
power Py, in vS. Dpis and Dr1; (b) Output power Py, out VS. Dpmis and
Drr; (c) DC-DC efficiency npc-pc vs. Diis and Drr.

indicate fluctuations in power and efficiency, which can
degrade system performance. This suggests that additional
filtering in the secondary circuit may be needed to maintain
stable charging if Drr is not zero.

Fig. 18 presents the results for all tested Drr values
from 0 to 106.68 cm. Specifically, Fig. 18(a) shows the input
power Py i, Fig. 18(b) shows the output power Pic out
and Fig. 1E_S(c) shows the DC-DC efficiency 7pc-pe, all as
functions of Dy and Drr. When Dpp = 0, both input
and output powers are highly stable, and efficiency reaches
its maximum, representing the system’s optimal state. As
D1t increases, peak values are still achieved when the Rx
aligns with a Tx; however, pronounced sags appear during

transitions between Txs, becoming more significant at larger
Drr. This indicates that input and output powers are highly
sensitive to variations in Drr. In Fig. 18(a) and (b), the input
and output powers form an E-shaped ridge with wide valleys.
In contrast, the efficiency in Fig. 18(c) decreases only slightly
under misalignment, with narrower valleys and a broader E-
shaped peak. This demonstrates that the system maintains
high efficiency across a wider range of Dyt values.

V. CASE STuDY
A. Belmont Trolley

The Belmont Trolley project [40], located in Belmont,
North Carolina, provides a representative case study for
implementing WPT in light rail transit. The project aims
to restore a historic 2.3 km trolley line with five stations
and an average speed of 6.71 m/s, enabling low-emission
operation and improving connectivity between downtown
Belmont and Abbey College. Conventional OCS are infeasible
due to infrastructure constraints, and retrofitting existing
DC-motor trolleys is undesirable as it would compromise
their historic character. The project proposes pairing each
trolley with a compact battery trailer housing a 40 kWh
(80%, 32 kWh usable) traction battery, which supplies DC
power during operation. With a single round trip consuming
approximately 13.94 kWh, only two round trips are possible
per charge, insufficient for the required four daily trips. To
address this, the project applies WPT to recharge the battery
during scheduled dwell times at stations, as shown in Fig. 19,
enabling continuous operation.

In the proposed configuration, one charging unit is in-
stalled at both the first and last stations. Each unit integrates
three transmitting coils, while the trailer is equipped with
two receiver coils, providing a charging power of 8 kW.
During a 40-minute dwell period at each end station, the
system delivers approximately 5.33 kWh to the battery,
yielding a total of 10.66 kWh of recharge per round trip.
Fig. 20 illustrates the battery’s usable energy profile over
four round trips in a single day. The upper curve represents
the usable battery energy, with values before and after each
charging event indicated. Initially, the available energy is 32
kWh. During operation, energy is consumed when passing
intermediate stations (S2, S3, and S4) and replenished at the
first (S1) and last (S5) stations. At the conclusion of the fourth
trip, the battery retains 13.57 kWh, confirming that station-
based WPT enables the trolley to meet the required daily
schedule. After service concludes, the battery continues to
charge at S1 until it is fully replenished, thereby ensuring

Histor; Rt T
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L2 G
Belmont

North Carolina, USA

Fig. 19. Concept of WPT charging solution for the Belmont Trolley project.
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Fig. 21. Concept of full-scale WPT application for battery electric locomotive (BEL).

readiness for the next day’s operation. The lower curve shows
the instantaneous battery power, highlighting the charging at
the first (S1) and last (S5) stations, as well as the discharging
at the intermediate stations (S2, S3, and S4).

B. BEL Charging

Full-scale battery electric locomotives (BELs) require 2.4—
7 MWh batteries [46], [47], while the 5 kW WPT module con-
sidered here is clearly insufficient, making scaling to higher
power levels essential. Based on proven EV WPT designs [48],
this work can increase a single module’s capacity to 20 kW
using high-voltage/current semiconductors, high-power Litz
wire coils, and advanced magnetic components [49]-[51],
with parallel receiver circuits enabling stacked high-power
transmission.

The concept is illustrated in Fig. 21, which presents a
switcher BEL with a 2.4 MWh battery capacity. With each
module rated at 20 kW, twelve modules in parallel provide
a total of 240 kW, enabling the battery to be fully recharged
within 10 hours. Compared with the 177 kW cable-based
charging system reported in [47], the proposed multi-module
WPT approach not only achieves higher charging power
but also simplifies the process by eliminating manual cable
connections, reducing preparation time, and enabling flexible
opportunity charging during idle periods. These advantages
collectively provide a foundation for reducing the required
battery capacity while maintaining operational reliability in
railway applications.

VI. CoNncLUSION AND FUTURE WORK

A DWPT system for battery electric locomotives with an
LCL-S compensation topology and W-I-shaped coupler is
proposed, along with a theoretical method for calculating the
coupling coefficient. Experiments show a maximum DC-DC
efficiency of 94.73% at 3.1 kW input, among the highest
reported for railway WPT, while maintaining robust per-
formance under misalignment and varying load conditions.
Dynamic tests demonstrate stable power delivery up to 89%

efficiency and highlight the impact of transmitter spacing
on power fluctuations and track design. Through two case
studies on the Belmont Trolley and a 2.4 MW BEL, the
system’s scalability and practical feasibility are discussed.

Future work will focus on higher-power transmitter and
receiver designs, advanced magnetic materials such as mag-
netic concrete, and adaptive control strategies to reduce effi-
ciency variation over long tracks. Standardized railway WPT
protocols will also be developed to ensure interoperability,
safety, and reliable operation.
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