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Abstract

To address the issue of charging off-road switcher equipment at railroad yards, UNC Charlotte team is first
in the nation to develop this one-of-a-kind wireless power technology for rail application. A wireless power
charging system for switcher trains at the North Carolina DOT Rail Yard is developed in this project. The system
would allow the switcher trains to be charged overnight and minimize the heavy labor involved in the current
plug-in charging system — thus minimizing exposing rail yard personnel to working hazards due to heavy loading.
The proposed wireless charging system will provide substantial support for the rapid and reliable charging of the
electric power supply of the switcher trains, which will greatly facilitate NCDOT’s asset management in terms of
efficiency, effectiveness, and safety. Ultimately, the results of this research will also benefit NCDOT with respect
to the enhancement of the safety of yard operations, minimizing environmental impacts, increasing worker safety,
and reducing pollution.

The key innovations developed in the project include novel W-I magnetic couple design and power electronic
converters, achieving highest efficiency reported for railway application. The project supports students’ academic
progress by providing them hands-on, real-world, experiential learning opportunities. The project also helps forge
strong partnerships for technology innovation and demonstration between UNC Charlotte and our local
communities - Belmont Trolley and the City of Belmont. The project was highlighted by PBS Charlotte TV in
the episode "TRAIL OF HISTORY:: Historic Infrastructure” in Mar 2023.
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Executive Summary:

To address the issue of charging off-road switcher equipment at railroad yards, a wireless power
charging system for switcher trains at the North Carolina DOT Rail Yard is being developed. The system
would allow the switcher trains to be charged overnight and minimize the heavy labor involved in the
current plug-in charging system — thus minimizing exposing rail yard personnel to working hazards due to
heavy loading. Based on the principle of inductive power transfer (IPT), wireless power charging system
minimizes the use of power cords and can eliminate several potential safety issues associated with power
cords. IPT is a novel technology that has seen significant use in electric vehicle (EV) applications. However,
the technology development for tracked locomotives is very limited. Multiple prototypes of different power
scales have been developed throughout this project with a final design using a modular W-I coupler system.
The proposed wireless charging system will provide substantial support for the rapid and reliable charging
of the electric power supply of the switcher trains, which will greatly facilitate NCDOT’s asset management
in terms of efficiency, effectiveness, and safety. Ultimately, the results of this research will also benefit
NCDOT with respect to the enhancement of the safety of yard operations.

Our major findings are summarized below:

1) A detailed state-of-the-art rail wireless power has been technology review was performed showing
different available wireless power charging designs.

2) Asub-scale system has been developed to demonstrate the effectiveness of wireless power charging
including the effects of increased air gap (vertical separation) and horizontal shifts.

3) A full-scale, W-I shape coupler-based IPT system has been developed for wirelessly charging rail
locomotive batteries. The W-I shaped coupler has a relatively higher coupling coefficient and a
significantly lower core volume, which can reduce the core material cost and maintain high power
transfer capability. Its modular design is easy to extend to achieve a higher power rating and is
competent for both static and dynamic charging.

4) The full-scale, modular W-1 shape coupler-based IPT system was constructed and validated at 5
kW with 92.5% efficiency, which is the highest IPT system efficiency reported for railway
applications.

5) The electromagnetic field (EMF) was also measured at different test points according to the
standards to ensure the safety of the designed wireless charging system.

6) All studies have been validated using numerical models developed using ANSYS Maxwell.

7) The full-scale prototype was demonstrated in a full-scale trailer cart from Belmont Trolley Co.
on October 12, 2022.

8) A separate IPT system using thin copper sheets and 4-turn receiver coil (by RPS) was also presented
as an alternative design that is currently being customized for full-scale implementations.
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1. Introduction
1.1. Background

The North Carolina Department of Transportation (NCDOT) Rail Division currently owns a fleet
of eight (8) F59PH and PHI diesel-electric locomotives that are used in its Piedmont passenger rail service
between Raleigh and Charlotte, NC. When not in operation these locomotives are plugged into electrical
ground power — 480V/400A three-phase — to keep their batteries charged and provide power to all onboard
systems on a passenger car (lights, HVAC, etc.) in the yard, which is a standard industry practice. Figure
1.1 shows the wired power charging at the wayside of the locomotive. The plug-in procedure requires
parking the vehicles at specific locations and the physical attachment of a heavy cable adaptor to the
locomotive (Figure 1b). The physical attachment of the wired adaptors has the potential of causing back
pain, tripping personnel working on the tracks, and other labor safety-related risks. The physical attachment
process is also tedious and requires time to secure the adaptor to the train battery. Furthermore, the tears
and wears of the physical cable adaptors can be a nuisance cost item for the DOT in the long run.

(a) (b)
Figure 1.1 Current Power Charging of a Locomotive with Standard Plug-In Power Lines: (a) A
charging locomotive and its charging station; (b) Heavy electrical cable and terminal for
charging the locomotives

The power cords shown in Figure 1.1 (b), which are bulky and heavy, have to be moved from the
power station to the railway and manually connected to the locomotive. The staff responsible for
charging the locomotives is exposed to the risk of electric shock and arc flash while disconnecting
cables when the circuit is live.

Alternatively, the diesel-electric locomotive battery charging can be accomplished via wireless power
transfer (WPT) technologies - By equipping the locomotive with an electrical receiver and parking it over
an electrical charging mat embedded under the rail, the wireless power transfer setup can completely
remove the physical labor involved in the power connection. The charging infrastructure and the onboard
system are wirelessly connected via magnetic coupling. The coupled systems have the feature of
galvanic isolation, which reduces electrical shock and safety risk. Furthermore, by getting rid of the
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components associated with the cables, the WPT system on locomotives is more flexible and reliable
and with better resistance against adverse weather conditions. Different from the wireless power
charging technology on roadway applications, the rail tracks provide the locomotives with a fixed
route, thus eliminating the lateral misalignment problem, which is very common in EV WPT charging
systems. Finally, other than increased worker safety, the implementation of a WPT charging station would
also afford time savings for workers and would be a technological step forward for the rail industry.

While there are several WPT technologies available, the most commonly used for vehicles is the
Inductive Power Transfer (IPT) technology: Figure 1.2 depicts a conceptual IPT system for charging
a train wirelessly [1]. The IPT system for the railway application contains a transmitter infrastructure
embedded between the tracks and an on-board receiver system located on the underbelly of the
locomotive. The DC (direct current) power is converted to a high-frequency AC (alternate current)
power and injected into the transmitter coil via an inverter. The power is transferred wirelessly via the
coupled coils with a certain airgap distance. During this procedure, energy was transduced from
electrical energy to magnetic energy in the transmitter and then transduced back to electrical energy in
the receiver. Aimed to reduce the (volt-ampere) VA rating as well as maximize the power transfer
capability, the compensation circuits on the transmitter and receiver sides are resonant with the
transmitter and receiver coils, respectively. The high-frequency induced voltage on the receiver side is
then converted to a DC voltage by a rectifier. A DC/DC converter might be used to control the
power flow from the receiver to the batteries and loads. Therefore, the IPT design needs to consider
both magnetic design (coupler) and electrical design (compensation circuits and converters).

T
=== Battery Bank
DC Link %
~o o = = o = =
l I
(%) = ¢
Power Supply  Air Conditioner Race
ecelver Traction System
Compensation
[Receiver ; ; -
55 = 3 - ” 4

e e e e
Sy
Tra?rrwsmige r L i W L

Transmitter
@ ~ = Compensation IPT System

s

Grid Rectifier  Inverter

Figure 1.2 Conceptual diagram of wireless train charging application [1]

1.2. Research Need Definition
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The proposed WPT charging system at the NCDOT Rail Yard is a state-of-the-art inductive power
transfer (IPT) technology which transfers power from the transmitter (on track) to the receiver (on
locomotive) based on the principle of electromagnetic induction over an air gap. Due to this contactless
transmission, IPT is the preferable WPT technology for transportation application with benefits including,
but not limit to, power transmission in intricate geographical environments and during severe weather
conditions. Moreover, by improving the power rating and efficiency, which used to be the shortcomings
from loose coupling, the IPT technology shows a strong potential to reform the future railway industry [2],
especially for substitution of traditional diesel-fueled locomotives.

While IPT technology has matured for electric vehicles and microelectronic systems such as cell phone
and laptop computers, the biggest challenges for the proposed WPT system for rail yard applications,
however, are associated with the high voltage power supply and the physical placement of the
electromagnetic coils for both receivers and transmitter (typically between the railroad tracks) [3, 4]. As a
result, additional studies are needed to investigate the process of physical placement of the electromagnetic
coils between metallic components including railroad tracks and locomotives, which requires innovative
designs to eliminate the physical challenges including influences on the electromagnetic fields of the coils.

1.3. Research Objectives

In this study, the wireless power transfer (WPT) technology has been investigated and developed
for rail applications. The concept was first proposed by Nicola Tesla at the turn of the 20~ century [5],
however, the development of WPT technology was very slow until the end of the 20" century because
of the limitations in power electronics. Figure 1.3 depicts the classification of WPT technology by the
category of field, which includes acoustic power transfer (APT), optical power transfer (OPT),
microwave power transfer (MPT), inductive power transfer (IPT), and capacitive power transfer (CPT)
[6].

For the railroad application, three objectives are to be accomplished:

1) Design and construction of a WPT prototype system including power converters and coil designs,
and optimization of parameters for charging efficiencies such as static charging time, rate, and setup
design.

2) Develop WPT coil placement and system safety design for the rail yard implementation.

3) Conduct field validation study at a rail facility to demonstrate field implementation.

Acoustic Field ; Sonic/Ultrasonic Optical (Laser)
Power Transfer Power Transfer Power Transfer
WirlessPowsr
Transfer (WPT) Magnetic Field Radiative (Far Field) Microwave (Radio)
Power Transfer Power Transfer Power Transfer
Electromagnetic
T::IT;;TZZV Field Powwer Transfer Non-radiative (Mear Inductive Power
= Field) Power Transfer Transfer (IPT)
Wireless
Communication Electric Field Capacitive Power

Power Transfer > Transfer (CFT)

Figure 1.3 Classification of Wireless Power Charging Technologies. [6]
1.4. Report Organization
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This report is organized in a manner that a comprehensive literature review on the wireless
power charging technology and the issues associated with rail transportation applications are
presented in Chapter 2, followed by a detailed description of the technology development
methodologies in Chapter 3 and finally the conclusions in Chapter 4. In particular, a full-scale
system demonstration was performed at the Belmont Trolley Public Works facility on October 12,
2022 — over 160 people were present at the demonstration. The event is summarized in Section
3.3. Specific recommendations regarding adoption strategies for NCDOT are included in Chapter
5 and future implementation and technology transfer plans in Chapter 6.

12



2. Literature Review

Since Nicola Tesla proposed the wireless power transfer concept, IPT technology has been
investigated extensively. However, the development of IPT technology was very slow until the end of
the 20™ century because of the limitations in power electronics. With the emerging development of
wide bandgap devices, IPT research is growing rapidly to achieve a higher power output and higher
efficiency at a lower cost. During the past decades, numerous research institutes have proposed
different IPT systems and demonstrated several prototypes for EV application. Witricity developed a
3.3 kW wireless charging system with an efficiency of 90% at 18 cm air gap in 2013 [7] and an 11kW
wireless charging system with 91 — 94% efficiency in 2016 [8], respectively. IPT technology has
presented a 100kW wireless charging solution for electric buses [9]. A team from the Fraunhofer
Institute for Solar Energy Systems (ISE) demonstrated a 22kW bidirectional charging system with a
pulse density modulation (PDM) method to achieve a system efficiency of 97.4% [10]. Oak Ridge
National Laboratory (ORNL) proposed a 120kW IPT system with 96.9% DC-DC efficiency with a 5
inch (12.7 cm) air gap in 2018 [11]. Table 2-1 summaries some IPT system designs for EVs from
industry and academia. IPT is shown to be a mature technology and is currently commercialized for
EV applications.

Table 2-1 IPT system designs for EV applications

Name Year | Air gap Power Efficiency References
KAIST 2009 |1cm 3 kw 80% [12]
KAIST 2009 | 17cm 60 kKW 72% [13]
KAIST 2010 | 20cm 15 kW/pick | 83% [14]
up
KAIST 2010 | 20cm 27 kKW 80% [15]
Bombardier 2013 | N/A 200 kW N/A [16]
Witricity 2013 | 18cm 3.7 KW 90% [7]
Toshiba 2014 |16cm 7 kW N/A [17]
BOSCH 2015 | N/A 7 kW 86% [18]
Fraunhofer ISE | 2015 | 13cm 22 kW 97.40% [10]
Witricity 2016 | 9-28cm 11 kW 91 - 93% [8]
INTIS 2016 | 1lcm 30 kW N/A [19]
ETH 2016 | 16cm 50 kW 95.80% [20]
Toshiba 2017 | 10cm 44 kW N/A [21]
ORNL 2018 | 15cm 50 kW 95% [22]
ORNL 2018 | 12.7cm 120 kW 96.90% [11]
WAVE 2019 | N/A 500 kW N/A [23]
Zhejiang 2020 | 16cm 50 kW 95.20% [24]
University
Momentum 2021 | N/A 450 kw N/A [25]
dynamics
ORNL 2021 200 kW 98.30% [26]
IPT technology | N/A | N/A 100 kW N/A [9]
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2.1. Wireless Power Transfer Technology

Inductive power transfer (IPT) is typically described as a loosely coupled coil set and is
theorized using both Ampere's law and Faraday's law, where a time-varying current (alternative
current) flows through the primary coil that generates a time-varying magnetic flux (Ampere's
law). When the secondary coil is in close vicinity to the primary coil, the time-varying magnetic
flux induces a magnetic flux, which in turn, generates a current in the secondary coil (Faraday's
law). The differential forms of Ampere's and Faraday's laws are presented as:

VxH=]+2 (2.1)
at
and
aB
VXE = _E (22)

where H and E are the vector magnetic field intensity and electric field intensity, respectively. The
magnetic flux density and the electric flux density are represented by B and D, respectively. And
finally, the current density is represented by J.

IPT coils are in essence inductors whose magnetic flux links with each other when they are in
each other's vicinity. The self-inductance of a magnetic structure is defined as the ratio of total flux
linkage to the current that generates the flux:

N
Lself = Td) (2.3)

where | is the excitation current generating the flux, @ is the total flux generated by the coil, and
N represents the number of turns in the structure.

Since @ is directly proportional to the number of turns, N, in the magnetic coil, Lss is also
proportional to N. The mutual flux linkage between the two coil is described using the coupling
coefficient, ki,

_ My
ki, = oL (2.4)
where M1, is the mutual inductance and L: and L are the self-inductances of the primary and
secondary coils, respectively. Figure 2.1 shows the two loosely coupled coils where the voltages,
v1, V2 and currents, iz, i of each coil are represented as:

Ul = Llc‘ii_itl‘l'Mlz(z_i: (25)
Uz = thz_itz‘l‘Mlztz_itl (26)

14



Uy L;% E L, U
- O—— L o

Figure 2.1 Circuit diagram of two loosely coupled coils showing a single transmitter and a
single receiver

Assuming Lsand Lp are the self-inductance of the transmitter coil and receiver coil with a mutual
inductance M and the track current (current in transmitter coil) I, operating at an angular frequency w,
the induced voltage on the receiver is then [27],

Voo = joMIy 7

If the receiver side is shorted, then the short current is,

= Yo ML (2.8)

Isc jwly Ly
The product of (2.7) and (2.8) is the maximum VA rating for the receiver, Psu. The maximum
power Pout that the system can transfer is then,

M2
Pout = Py " Q2 = (‘)EIZZQZ (29)

where Q,is the quality factor of the secondary side that is compensated by the receiver compensation
circuit. According to equation (2.9), the output power is directly proportional to w, M, 1, or Q..

Since the IPT system is sensitive to the frequency, increasing the frequency could increase the
power but change the compensation circuit parameters. A higher frequency will cause electromagnetic
interferences (EMI) which can be a safety issue in a high-power operating condition. On the other
hand, increasing the mutual inductance will not require any variation of the designed IPT parameters,
which is the best approach to increase the power. Since the mutual inductance is constrained by the
coupler size, coupler material, configuration of the coil, etc., increasing the track current will increase
the magnetomotive force (MMF) on the primary side coil, thus, improve the output power while
decreasing the system efficiency. Increasing Q, of the secondary side current is another solution, but
the VA rating on the receiver circuit is increased and the bandwidth is narrowed. These factors make
the design of the IPT systems complicated. In order to design an IPT system for a locomotive, the IPT
design must consider four aspects:

1) Coupler design;

2) Compensation circuit and system design;

3) Controller design;

4) Electromagnetic interference (EMI) standard investigation.
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The coupler is one of the most critical parts of an IPT system. It is comprised of the transmitter
core and coil as well as the receiver core and coil. The design of a coupler determines the coupling
coefficient k of the system [28]. With a higher k value, more power could be transferred to the
secondary side for the same track current. However, a good coupler design must also have a higher
misalignment tolerance.

The k value can be improved by adding magnetic permeable materials, such as the ferrite cores, in
the transmitter and receiver coil. However, the ferrite cores with high permeability can increase the
cost of an IPT system significantly. Thus, there is a trade-off between the coupler cost and the coupling
coefficient of the couplers. Many coupler designs are proposed in recent years to improve the power
transfer capability: Korea Advanced Institute for Science and Technology (KAIST) has worked on the
wireless charging for locomotives since 2010 [29 —37]. Most of their designs used an operating
frequency of 20 kHz making it possible to achieve the highest power efficiency as well as a high output
power with large air gaps. Figure 2.2 shows four different types of coil designs developed for railway
systems. The I-type coupler displayed in Figure 2.2 (a) was developed for a 60kW IPT system with an
air gap of 20 cm. The S-type coupler shown in Figure 2.2 (b) was proposed in 2015 for a 22kW IPT
system. For both I-type and S-type designs, the flux directions at neighborhood poles are in opposite
directions. These core designs canceled the electromagnetic field (EMF) produced by neighborhood
poles and reduced the EMF for pedestrians around the power supply. However, these two designs have
a null position when the pickup coils are located between two I-type or S-type core units, which cancel
the magnetic field across the receiver and reduce the power transfer capability, making the designs not
applicable for static charging. During dynamic charging, the system will also have a large power
fluctuation that weakens the transferable power as well as affects the control system stability. Besides,
the core designs consist of many core plates, which have a high core volume and lead to an expensive
core material cost.

The KAIST research team also developed a 1-MW IPT system for a high-speed train with two U-
type cores on the transmitter and an E-shape core on the receivers shown in Figure 2.2 (d). This design
reduced the misalignment problem as well as reduced the magnetic field above the pickup with E shape
core. Figure 2.2 (c) demonstrates the coupler design proposed in 2020 for railway applications. The
system was validated at 12.6kW with a 23 cm air gap and achieved an 85% efficiency. Both of these
designs have a much longer transmitter coil than the receiver, which is more suitable for dynamic
charging. If the trains stop at a station for static charging. Most of the magnetic flux will be wasted
or generate extra losses due to the small size of the receiver.

A team from Southwest Jiaotong University [38] proposed a dual transmitter and receiver
coupler design for wireless locomotive charging. Figure 2.3 displays their coupler design. The
system operated at 20 kHz with a 1.5 kW output power. The dual transmitter could enhance the
magnetic field, and the dual receivers could capture more magnetic fields.

Finally, Figure 2.4 presents a three-phase coupler design for a railway system from Harbin Institute
of Technology with an operating frequency of 20 kHz and an air gap of 30 cm. The system was operated
at 5 kW with 82.7% efficiency. The coil distribution reduces the fluctuation of the output power
compared with single phase | type transmitter. But the core volume is still high, which reflects on the
high core material cost.
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Figure 2.2 Coupler designs from KAIST team: (a) I type coupler; (b) S type coupler; (c)
Rectangular coupler; (d) 1-MW project coupler. [29-31]
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Figure 2.3 Coupler design from Southwest Jiaotong University [38]
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Figure 2.4 Coupler design from Harbin Institute of Technology [39]

In a loosely coupled IPT system (coupling coefficient k < 0.5), such as the battery charging for
EVs or locomotives, the leakage inductance on the primary and secondary sides are relatively high
compared to conventional transformers. Hence, the leakage inductance is compensated by provide
more power to the receiver, at the same time, reduce the source VA rating. The requirements of
the compensation circuits are concluded as follows [40, 41],

1) maximize the power transfer capability;

2) minimize the VA rating on the source side and load side;
3) provide a constant current or constant voltage output;

4) avoid the bifurcation phenomena [40];

5) increase the system efficiency.

Figure 2.5 shows the four basic compensated topologies, SS, SP, PS and PP, where the first S
or P stands for the series or parallel compensation on the transmitter (primary) side and the second
S or P represents the series or parallel compensation on the receiver (secondary) side [41]. S
compensation on the primary side provides a large VA rating at the input while the P compensation
on the primary side has a low VA rating at the power supply. The compensated capacitor Cp is
independent of the load in S compensated primary, but Cp in P compensated primary is a function
of the load. In series compensated secondary side, the load is required to be small for maximum
power transfer; whereas the load should be large in parallel compensated secondary side. The
series-series topology is the easiest topology to design an IPT system because the system can work
at frequency independent coupling factor and load. However, the transmitter coil current may have
over current issue during a low coupling coefficient condition. Therefore, the communication
between the transmitter and receiver is required to control the track current.

The parallel-parallel topology is also a good choice for the design because of the low VA rating
at the transmitter side as well as the pure current source characteristics on the receiver side - which
is more suitable for battery charging [42]. However, the change of the coupling coefficient will
affect the resonant frequency as a result of the equivalent capacitance change, which increase the
complexity of the controller design. Besides the basic compensation topologies, the LCL
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compensation [43], LCC compensation [44] also become competitive compensation topologies
applicable to the IPT system.

p< > s b7 ’
(a) Series-series (b) Series-Parallel
) ( | | l _." N
—_— “\ |_ Cs ) .
T < >ls N\ /7L
Cp ) ( Ce w_ ) L Cs
) ( )
(¢) Parallel-series (d) Parallel-Parallel

Figure 2.5 Basic compensated topologies for IPT system: SS, SP, PS, PP.
2.2. Challenging Issues Associated with Inductive Power Charging

The application of the IPT system for charging locomotives is facing several challenges. One
of the key technical challenges is that the general coupler design for EVs, such as the circular pad,
DD coupler [6], and DDQ coupler [45], cannot meet the design requirements for wireless train
charging. An IPT system for charging locomotives needs much higher power rating and a more
flexible charging space to ensure the parking spot tolerance will not severely affect the power
transfer capability. A modular design is more suitable for the railway system, which can be
extended easily to achieve a high-power rating and compensate for parking spot tolerance.
Furthermore, coupler designs for the railway application, such as S-type coupler [36] and I-type
coupler [29], have the null position issue that was discussed in previous section, which
significantly reduces the power transfer capability during misalignment and leads to power
fluctuations during dynamic charging.

An ideal IPT system should have high compatibility to dynamically charge the locomotives
when they are entering or leaving the stations and to charge the trains when they are parked in the
station. The coupler design must be compatible with both dynamic and stationary charging.
Furthermore, current coupler designs mostly have high core volumes, which increases the core
material cost. The ideal coupler design for the railway system should be cost-effective and
maintain its power transfer capability. Hence, the IPT electrical system needs to be co-designed
with the magnetic couplers to maximize the performance for high efficiency and better system
stability. The system is also required to eliminate the communication between the transmitter and
receiver to simplify the system and keep it robust.

2.3. Rail Track Interferences — Electromagnetic Interference (EMI)
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In loosely coupled IPT systems, the leakage flux is relatively high and should be constrained to
meet the requirements of the standards for human safety. There are four standards regarding EMI in
the low-frequency range: The first standard is the ICNIRP 1998 / ICNIRP 2010 [46] which is published
by the International Commission on Non-lonizing Radiation Protection (ICNIRP) that provides
scientific recommendation and guidance on the health and environmental effects of non-ionizing
radiation (NIR) to protect people and the environment from detrimental NIR exposure. In ICNIRP
2010, the average magnetic field exposed limit is 27 uT for general public exposure, while the limit is
100 uT for occupational exposure.

The second standard is Institute of Electrical and Electronics Engineers IEEE Standard C95.1
(2005) which provides recommendations to protect against harmful effects in human beings exposed
to electromagnetic fields in the frequency range from 3 kHz to 300 GHz are provided in this standard.
The limit is 205 uT for general public exposure, while the limit is 615 uT for occupational exposure
[47.

The third standard is IEC61980 [48] and IEC 61980 1:2015 covers general requirements for
Electric Vehicle (EV) Wireless Power Transfer (WPT) systems including general background and
definitions for example efficiency, electrical safety, Electromagnetic Compatibility (EMC), protection
from electromagnetic field (EMF) and so on. IEC 61980 2:2019 contains the requirements for the
communication between EV and WPT systems when connected to the supply network. IEC 61980
2:2019 covers specific requirements for EV magnetic field wireless power transfer (MF WPT) systems.

Finally, the fourth standard is the Federal Communications Commission (FCC) rules, that require
WPT devices operating at frequencies above 9 kHz are intentional radiators and are subject to either
Part 15 and/or Part 18 of the FCC rules [49].
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3. Research Methodology

To fill the gaps and challenges of IPT system for the railway application, a modular W-I shaped
coupler is proposed, which has a relatively higher coupling coefficient and a significantly lower core
volume to reduce the core material cost and maintain the power transfer capability. The modular design
can be easily adapted for both static and dynamic charging. To validate the design, finite element
analysis (FEA) by ANSYS Maxwell has been conducted to optimize the W-I core design for a higher
coupling coefficient. The W-I shaped coupler was also compared with the current coupler designs for
the railway application in terms of coupling coefficient, core material cost, and misalignment tolerance.

To determine the effectiveness of the proposed W-I topology, a small-scale model was first
developed including considerations of the packaging of the coils and the power electronics needed.
The simulation and operational results are then used to create the full-scale W-1 system, which is
constructed to validate the design. The full-scale prototype has been tested at 5 kW with a DC-DC
efficiency of 92.5%, which is the highest IPT system efficiency reported for railway applications. A
live demo of the full-scale prototype power transfer has been demonstrated using a battery trailer to
charge a historical trolley locomotive (Belmont Trolley).

Finally, a separate IPT system using copper sheet has been commissioned to RPS and is currently
validated using a scaled model.

3.1. The Wireless Power Transfer System Development
3.1.1. Railyard Site Condition Considerations

The shape and size of the coupler are constrained by the track gauge and the chassis size of the
locomotives. Since the tracks are made of iron, the edge of the coupler should not be too close to
the tracks, which can lead to additional magnetic losses by generating stranded eddy current within
the tracks. Although the coupler length has considerable design flexibility because the standard
length of a locomotive is 20 m long, a longer coupler would increase the cost considerably as well
as increase the difficulty for the installation of a single-piece coupler system. The minimum
required distance from the bottom of the locomotive to the top of the tracks defines the air gap
between the coupler for the locomotives, which leads to the IPT system becoming a loosely
coupled system.

3.1.2. Wireless Power System Design
3.1.2.1. Small-Scale Model

To develop the W-1 system, we first experiment with a small-scale model with E-shaped Ferrite
core (E-core) as shown in Figure 3.1. The core is constructed from two small E-cores. The small
E-core dimensions are 64 mm wide, 50.8 mm long, 10.2 mm of hegh and the side blocks are 5.1
mm wide, and the center block is 10.2 mm wide. The center and side blocks are 5.1 mm in height.
The specs for the E-shaped ferrite core are shown in Figure 3.2.

Several tests were conducted to validate the system design and they are differentiated into
individual (one-to-one) test and multiple transmitters-to-one long receiver test. The second group
is further divided into two other sub groups; the subgroups are seven transmitters-to-one long
receiver considered for dynamic charging, and three transmitters-to-one long receiver considered
for static charging. Each transmitter coil comprises of two E-cores, and two coil layers. Each layer
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has eight wire loops. The wire is tightly packed around the core center block. The individual
transmitter E-core coil is shown in Figure 3.3.

Figure 3.1 E-shaped Ferrite Core

Par I Unit
: ¥(I/A) | core factor (C1) 0.156 mm~1
- C o= Ve effective volume 40700 mm3
; [ Le effective length 79.9 mm
} ? Ae effective area 519 mm?2
Amin minimum area 519 mm?2
m E64/10/50 = 100 g/pcs
jl

cawzsT

Nom Tol + Tol - Max Min Unit
A 64.00 1.30 1.30 65.30 62.70 mm
B 53.80 1.10 1.10 54.90 52.70 mm
C 10.20 0.20 0.20 10.40 10.00 mm
D 10.20 0.13 0.13 10.33 10.07 mm
E 5.10 0.13 0.13 5.23 4.97 mm
F 50.80 1.00 1.00 51.80 49.80 mm

Figure 3.2 E-shaped Ferrite Core Specs [50]
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Figure 3.3 Individual E-core Coil

For ease of fabrication, the receiver was made to have the same configuration as the
transmitters. When a longer receiver is needed, such as an eight E-shaped ferrite cores case, then
the same receiver or transmitter base core case are simply replicated and added together. The E-
core long receiver is shown in Figure 3.4. The result is a very long coil.

Figure 3.4 E-core Long Receiver

In this report, only the one-to-one results are presented. The one-to-one test using a single
transmitter and a single receiver was first performed. Among the testes performed are vertical
separation (or air gap), horizontal displacement (misalignment), and different load tests. The E-
core one-to-one set is shown in Figure 3.5. The individual one-to-one ANSY S-Maxwell design is
shown in Figure 3.6 and the associated electromagnetic simulation is shown in Figure 3.7.

Figure 3.5 E-core One-to-One with Vertical Separation
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Figure 3.7 Individual to ANSYS-Maxwell Electromagnetic Simulation

The individual tests started with the vertical separation (air gap): The one-to-one ANSYS
coupling coefficient simulation is shown in Figure 3.8 and the vertical separation vs voltage test
result is shown in Figure 3.9. Both graphs show decreasing patterns with simulation result to be
more linear than the measured results. The maximum values are 7.52 V for the measurements and
8.358 V for the simulation. The individual one-to-one vertical separation vs efficiency test is
shown in Figure 3.10. The graphs are shown to have a decreasing trend. The simulation shows
higher values from around 4mm to around 35 mm. The maximum values are 11.78% for the
measurement and 14.56% for the simulation.

The E-core coils individual one-to-one horizontal displacement ANSY'S coupling coefficient
simulation is shown in Figure 3.11. The ANSYS Maxwell simulation shows a semi-linear decrease
with the maximum value at 0.86.

The E-core coils individual one-to-one horizontal displacement vs voltage test is shown in
Figure 3.12. The graph shows a semi linear decrease for the measurements and a semi exponential
decreasing curve for the simulation with maximum values 7.5V for measurements and 8.4V for
simulation, respectively.
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Figure 3.8 Individual One-to-One ANSYS Coupling Coefficient Simulation

Vertical Separation vs Vout

0 E-Core Coils One to One

—@— Simulation
4 - —@— Measurement

Efficiency (%)

0 o
0 10 20 30 40 50
Load (Ohms)

Figure 3.9 E-core Coils Individual One-to-One Vertical Separation vs Vou Test
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Figure 3.10 Individual One-to-One Vertical Separation vs Efficiency
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Individual E-Core Horizontal Separation
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Figure 3.11 E-core Coils Individual One-to-One Horizontal Displacement ANSYS Coupling
Coefficient Simulation
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Figure 3.12 E-core coils Individual One-to-One Horizontal Displacement vs Voltage

The E-core coils individual one-to-one horizontal displacement vs efficiency test is shown in
Figure 3.13. The curves are decreasing and the simulation shows higher values than the
measurements from 0 cm to 10 cm with maximum values 11.78% for the measurements and
14.70% for the simulation.

Finally, the E-core coils individual one-to-one load vs voltage test is shown in Figure 3.14,
indicating a semi exponential increase. The graphs have similar values except for the test at 5
Ohms; whereas, the simulation shows higher values at 5 Ohms. The maximum values are 7.52 V
for the measurement and 8.38 V for the simulation.
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Horizontal Displacement vs Efficiency
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Figure 3.13 E-core Coils Individual One-to-One Horizontal Displacement vs Efficiency
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Figure 3.14 E-core Coils Individual One to One Load vs Voltage

The load vs efficiency test is shown in Figure 3.15. The graphs show a polynomial increase.
The simulation shows higher values from 50 Ohms to 100 Ohms.
The final list for materials used is shown in Table 3-1. The materials are shown in Figure 3.16

and Figure 3.17.
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Figure 3.15 E-core Coils Individual One-to-One Load vs Efficiency

Table 3-1 Materials List

Part Name Vendor | Quantity Item Number
Power Supply Digikey 2 285-1825-ND
Rectifying Capacitor Digikey 2 493-14604-1-ND
Potentiometer Digikey 2 CT2155-ND
ACtoDC 5V Converter Digikey 2 945-3190-ND
USB Adaptor Digikey 3 1568-1300-ND
Perforated Board Digikey 2 1568-1129-ND
LCD Display Voltmeter Digikey 4 1528-1141-ND
Power Switch Digikey 1 360-1927-ND
Power Cord Digikey 1 Q110-ND
Tape Digikey 2 3M9848-ND
Terminals Digikey 50 A1072CT-ND
AN

Ac to DC 5 Volts Converter

@

LCD Display

USB Adaptor

&

o

(7

Power Switch

Perforated Board

\f'”

AN

«

Power Cord

Figure 3.16 Prototype Materials
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Figure 3.17 Additional Power Electronics

A 12V power supply was used to power the two half H-bridge inverters. The rectifying
capacitor was used to mitigate the ripple from the output voltage. A potentiometer tested different
loads and a AC-to-DC 5V converter was used to power the TI control/CARD R1.3 that controlled
the inverters. The perforated board was used to host the AC to DC 5V converter and the UBS
adaptors. The LCD display voltmeter was used to display the output voltage. A power switch
connected the 12V power supply and the AC to DC 5V converter to the power cord. The power
cord was then connected to the power outlet. The terminals were used to connect the inverter
outputs to the transmitter coils, which also connected to the transmitter and receiver coils. The
system connections controller block diagram is shown in Figure 3.18. Initial design used power
supplies connected to the H-bridge inverters and the TI control/CARD R1.3 boards, separately. A
revised modular prototype comprised the power supply and power converter inside one enclosing.
The power transmission block diagram is shown in Figure 3.19.

The power transmitted worked separately from the power electronics, and it is provided by an
external power supply. The power supply was connected to the H-Bridge inverter input and the
inverter converted the DC signal into high frequency AC signal. The H-bridge output connected
to the transmitter coils powering them with the high frequency AC. The power was transferred
wirelessly to the receiver coils. The receiver coils powered the AC to DC rectifier. Finally, the
rectifier connected to a load.

Power Power H-Bridge
PSJ‘:S’ »  Switch Supply > Inverters
12v Power
Power TI
5 UsSB 5v .
Supply "l connector Control/C
ARDRI13

Figure 3.18 Connections Controller Block Diagram
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Figure 3.19 Connections Power Transmission Block Diagram

The electronics box module comprised the H-bridge inverter, the T1 Control/CARD R1.3, the
power electronics components to make up the prototype modular and is shown in Figure 3.20. The
terminal connections are shown in Figure 3.21. The Additional components, which included the
power supply 12 V, the converter assembly with the USB adaptors, and the power cord and power
switch connections, are added to the electronics module and are shown in Figure 3.22. The LCD
display voltmeter is positioned on the receiver side electronics housing. The receiver LCD display
voltmeter is shown on Figure 3.23.

Power Converter 5 V/USB Adaptors Power Switch/ Power Cord

Figure 3.22 Additional Components for Modularity
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Figure 3.23 LCD Display Voltmeter

To reduce the effect of ferrous materials, plastic rails were used for the transmitter base. The
rails were 3D printed and were placed on a wooden base with engraved channels. The channels
run longitudinal and horizontally; they are meant to house metal bars for testing different ferrous
effects such as rebar in reinforced concrete slabs. The wooden base with plastic rail tracks is shown
in Figure 3.24.

Figure 3.24 Wooden Base with Plastic Rails

3.1.2.2. W-I System Design

The takeaway from the small-scale IPT system is that the shape and size of the coupler are
constrained by the track gauge and the chassis size of the locomotives. Since the tracks are made
of iron, the edge of the coupler should not be too close to the tracks, which can lead to additional
magnetic losses by generating stranded eddy current within the tracks. Although the coupler length
has considerable design flexibility because the standard length of a locomotive is assumed to be
20 m long, a longer coupler would increase the cost considerably as well as increase the difficulty
for the installation of a single-piece coupler system.

The minimum required distance from the bottom of the locomotive to the top of the tracks
defines the air gap between the couplers, which leads to the IPT system becoming a loosely
coupled system. The power transfer capability is directly affected by the k value. Thus, achieving
a higher coupling coefficient k becomes one of the main objectives to improve the power transfer
capability of the IPT system. Towards this goal, core material with a higher permeability is
required to achieve a higher k value.

Currently the proposed couplers for train applications such as the I-type coupler designs have
relatively high k values, but they also require precise positioning such that the power transfer
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capability is fully realized. Since it is difficult to park the locomotive at an accurate spot, it is
inevitable for a locomotive to park at a null position with almost zero power transfer.

Based on the constraints and requirements discussed above, a W-I shape coupler depicted in
Figure 3.25 is proposed for the IPT system for railway application. The coupler consists of a W-
shaped transmitter (Tx) core and two I-shaped receiver (Rx) cores. The core material is Ferroxcube
3C90 which has a relative permeability of 2,300. The air gap of the coupler is designed to be 5
inches (12.7 cm). The shape and size of the coupler, as well as the position of the coils, were
optimized via ANSYS Maxwell to achieve the highest coupling coefficient k which can increase
the output power transfer capability. The coupler was designed to be a discrete distributed system
along the tracks, which reduces the cost of the cores and increases the ease of installation.

10.16ecm | 20.32cm
-q

(b)

Figure 3.25 Dimension information of the proposed W-1 shaped coupler (a) Overview; (b) Front
view.
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3.1.2.3. High-Voltage Hardware Considerations

In contrast to a tightly coupled systems, the loosely coupled IPT system requires the
compensation circuits on both transmitter and receiver sides to reduce the VA rating on the source
and load sides and maximize the power transfer capability. As stated earlier, there is some degree
of difficulty in parking a locomotive at a precise charging position. Hence, a constant track current
irrelative to the coupling coefficient is desired to provide a constant magnetomotive force to the
receiver and ensure the stability of the power transfer process. There have been many
compensation topology designs such as LCC-S and double side LCC to fulfill these requirements.
The second capacitor in series with the transmitter coil increases the design flexibility. However,
these designs will also increase the number of passive components to increase the conduction loss
as well as affect the system efficiency. In order to simplify the compensation circuit to reduce the
component and keep its benefits, an optimized LCL-S compensation topology is shown in Figure
3.26.
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Figure 3.26 Proposed LCL-S compensated IPT system for railway application.

The codesign for electrical circuits and magnetic coupler is implemented to ensure the
compensation circuit has a minimum number of passive components to maintain the design
requirements and improve the system performance. The LCL-S compensation circuit also provides
a constant track current which will not be affected by the misalignment and load variation. Thus,
the communication between the transmitter and receiver side should be eliminated. This design
will simplify the control system.

Figure 3.27 shows the equivalent circuit of the LCL-S compensation circuit. This topology
removed the capacitor in series with the transmitter coil in the LCC-S topology to reduce the
number of passive components in the circuit and lower the conduction loss in the compensation
circuit. Due to the compensation circuits filtering the high-order harmonics, only the fundamental
frequency, which is also the designed resonant frequency, is analyzed. According to the Fourier
analysis, the inverter output voltage Vinv and the equivalent resistance Rac can be derived
respectively as

2V2

Vinw = T Vdc_in (31)
8

Ry = ;Rdc (32)

where Vqc _inis the input DC voltage and Rqc is the load resistance. To minimize the VA rating,
the compensation circuits are required to be operated at the resonant frequency [41]. Therefore,
the design constraints of the LCL-S compensation circuit are
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a)CR
Lg =Lp (3.3)
1
(ULS = a)_CS

where Lp and Ls are the self-inductances of transmitter and receiver. By analyzing the equivalent
circuit in Figure 4-2 via Kirchhoff’s Voltage Law (KVL), the track current I1 and rectifier
voltage Ve are derived as follows,

Vin

L =———=—-Vijwlg (3.4)

JoLR
Viec = joMIy (3.5)

where Lr and Cr are the resonant inductance and resonant capacitor on the transmitter side.
According to Equation (3.4), the track current only depends on the input voltage Viny, switching
frequency o, and resonant parameters in the transmitter, like Lr and Cr. The track current can be
kept constant while the coupling coefficient k and the load R4 vary. Based on Equation (3.5), the
LCL-S compensation circuit provides a load-independent output voltage. By frequency domain
analysis of the inverter output voltage and current, the high-frequency inverter is capable of
achieving zero voltage switching (ZVS) while the system operates at the designated resonant
frequency.

i
\" rec

R..[]

Figure 3.27 LCL-S compensation circuit equivalent circuit.

The final product is a 5 kW IPT modular system and was simulated via PLECS to validate the
design. The designed parameters are shown in Table 3-2. The IPT system aims to charge an 800
V battery. Thus, a boost converter is connected to the IPT system for boosting the voltage level.
Since the LCL-S topology can provide a constant track current and constant output voltage, the
controller of the boost converter doesn’t need communication with the IPT system. Figure 3.28
displays the circuit diagram of the IPT system design for the railway application.

The system operates at 85 kHz with an input DC voltage of 650 V. The output voltage is 800
V with an output power of 5 kW. The misalignment occurred at 1.5 s by varying the coupling
coefficient from 0.22 to 0.18 which is shown in Figure 3.29. According to Figure 3.29(a), the track
current keeps a constant value of 14.6 A when the misalignment occurs. The system can still
provide a 5 kW output power when the misalignment occurs as shown in Figure 3.29 (b). The
rectifier output voltage is decreased because of the coupling coefficient decreases in Figure
3.29(c). Thus the voltage stress on the receiver side capacitor will be increased. The rated voltage
and current of the receiver side capacitor should be carefully selected to allow the misalignment
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tolerance during the charging. In order to validate the performance of the W-I coupler and the
LCL-S compensated IPT system design, a prototype was designed and implemented in the lab as
shown in Figure 3.30. The prototype was designed to operate at 85kHz.
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Compensation Coupling “UmPensation
Poawer —{ —+ chrzult I clrcult i %
SuUpply r _m_ _____ ::'rany?.uﬂ Beceiver|[ — E-._
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T— 0
>
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Figure 3.28 Circuit diagram of the designed IPT system

A high-frequency (HF) inverter was developed with CREE C2M0080120D Silicon-Carbide
MOSFET to provide the HF power to the coupler. The components in LCL-S circuit were
connected by Litz wires to alleviate skin-effect and reduce the conduction loss in the coils. Since
the transmitter and receiver coils are also required to carry high voltage stress, the Litz wires are
wrapped by Kapton tapes to provide the high voltage insulation. The HF rectifier is composed of
four C5D50065D Schottky diodes. The material of W-I cores is 3C90 from Ferroxcube. The
transmitter compensation capacitor bank is composed of eighteen B32656S2224 film capacitors
to attain 48.4 nF with a 7.2 kV rated voltage. The receiver compensation capacitor bank is five
HC1 high power resonant capacitors in series to obtain 20 nF with 5 kV rated voltage. The designed
parameters are tabulated in Table 3-2 and the measured parameters of the IPT prototype are
tabulated in Table 3-3. The measured coupling coefficient is 0.215 at a 5 inch (12.7 cm) air gap.

The IPT prototype with the proposed W-I coupler was tested by ramping up the input voltage
from 150 V to the rated 650 V with 8.5 Q load resistance. The simulation results and testing results
are shown in Figure 3.31. The simulation model is built in PLECS by taking not only the
conduction losses but also the switching losses of the semiconductor devices into consideration to
improve the simulating precision. The DC-DC efficiency was measured by Tektronix PA3000
Power Analyzer.
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Figure 3.29 Simulation results of the designed IPT system. (a) inverter out voltage and current;
(b) output information; (c) rectifier input voltage and current.
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Figure 3.30 Prototype of the designed IPT system
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Figure 3.31 Experimental results of the output power and efficiency variation.
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Table 3-2 Design Parameters

Parameter Symbol Value
Tx self-inductance Lp 70 uH
Rx self-inductance Ls 175 uH
Coupling coefficient k 0.236
TX resonant inductor Lr 70 uH
TX capacitor Cr 50.1 nF
Rx capacitor Cs 20.0 nF
Operating frequency fo 85 kHz

Table 3-3 Measured Parameters of the IPT Prototype

Parameter Measured Value
Ls 174.6 uH

Lr 70.5 uH

Cr 48.4 nF

Cs 20 nF

Cdc 120 uF

k 0.215

f 85 kHz

Rac 8.5 Ohm

Airgap 5in

3.2. Numerical Modeling
3.2.1. Modeling Using ANSY S-Maxwell

Several modeling works in this report are performed by ANSY S-Maxwell: In solving 2D and
3D electromagnetic fields, ANSYS-Maxwell uses finite element analysis (FEA) and offers five
solution types: 1) Magnetostatic, 2) eddy current, 3) transient magnetic, 4) electrostatic and 5)
transient electric. Within the magnetostatic solution, ANSYS-Maxwell uses a nonlinear analysis
to calculate the mutual and self-inductances, coupling factors and fields. In general, researchers
have used Maxwell to validate their WPT system in terms of coil design [51, 52], coil positioning
[53, 54], comparing different coil shapes [51], and validating theoretical models [55].
Misalignment has been investigated [56-58] however not to the extent of covering all three working
areas of a WPT system (over-coupled, coupled and loosely-coupled). In general, when simulating
most inductive WPT, most researchers have kept a minimum distance of at least the conductor’s
diameter between coils or double the cross-section [59].

In this study, we extended the ANSY S-Maxwell to include actual W-1 system optimization and
EMF and human health effect analysis.
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3.2.2. Parametric Studies

Figure 3.32 shows the magnetic circuit of the proposed coupler design for optimizing the
coupler geometry. The flux received by the receiver ®rx and the leakage flux from the transmitter
kg are represented as follows,

2-mmf
b, = 3.6
Rx Rgap+RRx+Rair+RTx ( )
2-mmf
Dirg = 3.7
Lkg Rypg+Rrx ( )

where mmf is the magnetomotive force generated in the transmitter coils, and Rrx, Rrx, Rgap, Rair,
and Rukg are the magnetic reluctance of the transmitter cores, receiver cores, airgap, and air. The
coupling coefficient k reflects the ratio of received flux ®ry to the total flux @rx+®Lg [60]. Based
on Equation (3.6) and (3.7), the k value can be expressed as follow,

Dpy 1
) Rgap+RRx+Rair+RTx (3'8)
RpkgtRTx

Ppx+Prrg 1

The geometry of the coupler is one of the critical factors for improving the coupling coefficient
k. By implementing the W shape on the transmitter side, Rikg near the transmitter increases by
introducing more air reluctance in the magnetic loop compared with the regular flat plate core with
the same length and thickness.

Rair Rair

Figure 3.32 Magnetic equivalent circuit of the proposed W-I coupler.

Figure 3.33 displays the FEA results that compared the performance between a W slots core
shown in Figure 3.2 (a) and a flat plate core with the same length, width, and thickness. The figure
demonstrates the k value improving percentage of the W shape transmitter in different air gap
distances. When the air gap is smaller, Rgap and Rair are sharply decreased to make ®rx increase
significantly. @ kg is reduced and takes a much smaller portion of the total magnetic flux generated
from the transmitter. So the coupling coefficient between the transmitter and receiver is lifted by
reducing the air gap distance. In this situation, though the W shape core reduces the ®rkg, the
impact on k improvement is negligible due to the analysis above. By increasing the air gap
distance, @ kg takes a higher portion in the total generated magnetic flux.
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Figure 3.33 Increasing percentage of k value by varying airgap distances.

3.2.3. Electromagnetic Field Analysis

The electric industry has been concerned about safety to human body due to the influence of
the electromagnetic field (EMF) generated by the WPT system including the consideration of EMF
effect on medical implants such as pacemakers in the human body [61, 62]. To simulate the EMF
effect on human body, an adult human body was modeled using ANSY S Maxwell and was exposed
to a leaked magnetic field from a WPT system next to the rail vehicle. Two different postures were
modeled: One with the person standing and one with person laying down by the railroad track.
The human body model and a full-size rail vehicle with WPT system were constructed and the
results show that the magnetic field exposure reference level defined by ICNIRP 2010 [63] can be
generally satisfied in the human body model for both standing position and the lying down posture
next to the rail vehicle.

The measurement points for EV application have been determined in J2954 [64] which suggested
at 0.8 m away from the center of the WPT system. This measurement point is at the edge of the train
carriage. For the railway application, however, there is no specific standard or rules for the WPT
system. Hence, IEC 62957 about magnetic field levels respect to human exposure is adopted in current
study [65]. This standard determines the measurement points for both inside and outside of the
locomotives. The measurement point outside the locomotive is 0.3m to the surface, with different
measuring heights of 0.5 m, 1.5 m, and 2.5 m. For safety purposes, the 0.8 m measurement point was
selected to measure the EMF.

To help visualize and analyze the EMF in the air around the WPT system, the simulation
calculation is first performed with an operating frequency of 85 kHz and with a transferred power
of 5 kW. At the center point of the WPT system, a YZ place perpendicular to the coil is made, and
the EMF distribution on the YZ plane is calculated in ANSYS Maxwell. The magnetic field density
(without human body around the WPT system is shown in Figure 3.34. According to the ICNIRP
2010 standard [63], the magnetic field intensity of the WPT system at 85 kHz should be less than
the reference level (27 uT). The adult human body model of different postures is shown in Figure
3.35. In the simulation process, the human body material properties are homogenous with average
M1 exposures which are frequency-dependent from 10 Hz to 10 GHz.
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Figure 3.35 The finite element model of a human body model, a rail vehicle, and the WPT system
(a) Standing; (b) lying

Figure 3.36 shows the magnetic field density distribution in the human body model, where the
maximum induced magnetic field density in the human model in a standing posture was 16 pT (in
the foot of the person). For the lying posture, the maximum induced magnetic field density in the
human body model was 14.8 uT. The EMFs for both postures were under the reference level of 27
WT for the general public exposure as specified by ICNIRP 2010 but were larger than the reference
level of 6.25 uT as specified by ICNIRP 1998. The regions where the reference level is not satisfied
included the left side of the knee, foot, and head, which are shown in red in Figure 3.36 (a) and
(b). And it is found that these regions are close to the coils of the WPT system. The human body
model constructed in ANSY'S Maxwell has geometrical accuracy in millimeter. Figure 3.37 shows
the distribution of the induced magnetic field in the human model with implementing the
aluminum shielding method, the maximum induced magnetic field density with both postures were
at 5.9 uT, and 6.1 T, respectively. These values meet the electromagnetic safety requirements
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defined by ICNIRP 2010 and 1998. Hence, it is concluded that the magnetic field density in some
small body parts can exceed the reference level defined by ICNIRP 1998 [62]. The simulation also
showed that if shielding is provided, the magnetic field density can be controlled to be under the
reference levels proposed by both ICNIRP 2010 and 1998.

(@ (®)

Figure 3.36 The distribution of the induced magnetic field density in the human body model (a)
Standing; (b) lying

(a) (b)

Figure 3.37 The distribution of the induced magnetic field density in the human body model (with
Aluminum plate) (a) standing; (b) lying

3.2.4. Coupling Optimization

The effect of shape optimization is more obvious in improving the k value. Therefore, the W
shape transmitter can improve the power transfer capability by increasing the k value in a loosely
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coupled system. The coupling coefficient is enhanced by 4.8% while the designed air gap is 5
inches, which can improve the power transfer capability of an IPT system by 10%.

On the receiver side, the shape of the receiver affects the Rrx value. The I-type receiver design
in Figure 3.25(a) provides the shortest magnetic path compared with other shape designs, thereby
having a lowest Rrx. The k value is enhanced by implementing the I-type receiver. Consequently,
the coupler is optimized to the W-I shape to achieve a higher coupling coefficient in a loosely
coupled IPT system. Then, the dimensional optimization was conducted on the design parameters
shown in Figure 3.38, which include:

* length of transmitter flanges D1x_sw;

* depth of transmitter U-shape slots Drx _q;

« distance between the two I-shape receiver cores Drx g;
* width of receiver coil Drxc_w;

* position of transmitter coil D1x_cd.

Figure 3.38 Design parameters of proposed W-I coupler

Since Kk is determined by the radius of both Tx and Rx coils, the width of Tx coil, Drx_w, is
determined to be 20.32 cm. With varied parameters, the FEA results for k are displayed in Figure
3.39. Figure 3.39 (a) and Figure 3.39 (b) show the results for different lengths of transmitter flanges
and depths of the transmitter U-shape slots, respectively. As shown, the longer Dtx_sw and Drx_d
are, the higher the coupling coefficient k would become. However, the increasing Dtx_swand Dx_d
will become less effective to k increase and may result in more eddy current losses in the tracks.
Figure 3.39(c) and Figure 3.39(d) demonstrate the k value variation by modulating the distance
between two I-shape receiver cores Drx_q¢and the width of receiver coil Drxc_w.

The k achieves the maximum value with Drx_¢ = 10 cm and Drxc_w = 25 cm. The relationship
between the position of the transmitter coil and the k value is depicted in Figure 3.391. By lifting
Drx_cd from the bottom to the top of the U-shape slots, the k value improved from 0.180 to 0.247,
which increases the k value by 37.2%. Thus, the ideal position of the transmitter coil is on the top
edge of the U-shape slots. However, installing and fixing of Tx coil will become difficult for
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hardware development. Therefore, the final design of the W-I coupler includes the thickness of Tx
coil support into consideration, which determined the Drx_cqto be 1 cm.

The relative permeability i is also an important parameter, which affects the power coupling
coefficient and power transfer capability. Higher pur will increase the coupling coefficient of the
coupler, and resulted in a costly design. The FEA was implemented to vary the p from 1 (same as
air) to 2500 and Figure 3.40 displays the coupling coefficient as well as the output power changes
while the relative permeability is increased.

According to Figure 3.40, higher coupling coefficient will improve the output power level of
the IPT system. The coupling coefficient increases rapidly while the relative permeability is less
than 2000, which prompts a significant increase of the output power. The increasing rate of k is
less than 5% while the relative permeability is more than 2000. Thus, the relative permeability
around 2000 is a reasonable selection for the core material. The core material is finally determined
to be Ferroxcube 3C90 with a relative permeability of 2300.

The FEA results of the optimized W-I1 coupler are demonstrated in Figure 3.41 and Table 3-4.
The simulated airgap is 5 inches. and the couple coefficient k is 0.236 based on the FEA results.

Table 3-4 FEA Results

Parameter Symbol Value
Tx self-inductance Lp 70 uH
Rx self-inductance Ls 175 uH
Mutual Inductance M 26.1 uH
Coupling coefficient k 0.236
Air gap Dair 5in
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Figure 3.41 Magnetic flux density overlay of the W-1 core. (a) Front view; (b) Side view.

3.2.5. Thermal Effect Analysis
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Since the operating temperature of the WPT systems for rail vehicles is detrimental to the
system’s reliability and charging hours, thermal analysis of a SkW wireless power transfer (WPT)
system is investigated: The induction heating of the WPT system is a complex process involving
both electromagnetic and thermal phenomena; therefore, ANSYS Maxwell was used to analyze
the induction heating process. In ANSYS Maxwell, the calculation of the electromagnetic field is
using Maxwell’s equations and the calculation of the transient heat transfer in metal can be
expressed by the Fourier equation:

Q = —pc o+ kV2T (3.9)

where T is temperature, Q is the heat source density induced by eddy currents, p is the density of
metal material, c is the specific heat of the material, k is the thermal conductivity. The induction
heating process combines electromagnetic simulation and thermal simulation: First, the
electromagnetic simulation can calculate the ohmic loss in the WPT system. The updated result is
input into the thermal simulation to calculate the temperature rise. If the temperature has not
reached to steady state, then the updated temperature will be input to the electromagnetic
simulation until the temperature reaches the steady state. Figure 3.42 shows the flow chart for the
simulation process.

In this report, the temperature distribution is simulated using numerical analysis considering
with shielding and without shielding of the receiver side. The electrical material properties and the
thermal properties of the materials in the WPT system are shown in Tables 3.5 and 3.6.

The FEA result of the WPT system is shown in Figure 3.43 and Figure 3.44. The temperature
distribution with shielding design is shown in Figure 3.43; it can be seen that the maximum
temperature area of the ferrite bar is close to the maximum temperature of the Litz wire, which is
affected by the heat conduction. High heat loss and low thermal conductivity of the ferrite bar are
the reasons for the higher temperature in the central area of the ferrite bar. Figure 3.44 shows the
temperature distribution for the with shielding design, and it can be seen that the aluminum plate
dissipates some temperature from the ferrite bar from 45 °C to 33 °C. Therefore, the high thermal
conductivity of an aluminum plate can be utilized between the ferrite and an aluminum plate to
balance the temperature without increasing the number of ferrite bars or ferrite bar thickness.

Table 3-5 Relevant parameters of materials

WPT system Parameter Our Design
Power rating 5kW
Primary coil turns 8
Secondary coil turns 5
Primary current, I, 14 Ams
Secondary current, Is 26 Arms
Operating frequency 85 kHz
Airgap 5in
Room temperature 26 °C

Table 3-6 Thermal Properties of WPT components
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Component | Mass density Thermal conductivity
(kg/m?) (W /m°C)
Litz Wire 8933 400
Ferrite 4600 4
Aluminum 2689 237.5
Iron track 7870 79

Set initial conditions and boundaries:

o WPT system parameters
o Thermal properties of WPT system

h 4

Electromagnetic simulation:

Calculate Ohmic loss in the WPT system

v

Thermal simulation:

Calculate temperature rise in all

A4

| Has temperature reached steady state? INi
(o}

A(
‘,es

End

Figure 3.42 The flow chart of the simulation process
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Figure 3.43 Temperature distribution of without shielding design
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Figure 3.44 Temperature distribution of with shielding design

3.3. System Demonstration

To demonstrate the full-scale wireless power charging system, the research team joined force
with Belmont Trolley and planned a one-night demonstration event at the Belmont Public Works
(BPW) facility. The demonstration utilized a historical trolley, which is being modified for
electrification via Lithium-ion battery technology. Figure 3.45 shows the trolley car (Figure
3.453)) at the BPW Facility and the subsequent works to furbish a trailer car (Figure 3.45b))
equipped with a Nissan Li-ion battery pack.

Figure 3.45 The Belmont Trolley Demonstration Setup: a) The Historical Trolley Car No. 1, b)
The Trailer Car, ¢) The Trailer Car with Onboard Li-ion Battery and Charger; and d) The
Wireless Power Charging Pad between Temporary Tracks
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The proposed system is to have a Nissan Leaf battery pack inside the trailer/light duty railcar.
The addition of a battery charging port, and battery connecting cables will ensure the Li-ion battery
packs will be able to be charged. The trailer/light duty railcar consist of a powertrain system to be
able to move the trailer independently of the trolley as repositioning on train tracks is expected.
The powertrain system will entail a chain and sprocket system, chain tensioner, and a gear motor
to allow for the trailer to move independently.

3.3.1. Construction of Full-Scale Demonstration Cart

The trailer car holds one Nissan Leaf battery and assemblies including the following
components: Mechanical/structural steel rectangular tube, low-carbon steel rectangular tube, steel
sheet, multipurpose Neoprene foam strip with adhesive-back, Nissan onboard battery charger,
Teco Westinghouse variable frequency drive, JEM-SPORT CAN to bluetooth adapter, Mouser
Electronics isolated DC/DC converter 600w 400V/12V 50A, 11-12 Nissan Leaf EV 120/240V
20A charging port cable, 11-12 Nissan Leaf OEM center battery wiring harness 2976A, 3 rotary
switches, 5 position, 4 pole, 10 A, 600 V, HW series, panel mount barrier terminal block, 2 row,
10 positions, 18AWG, 4AWG, 15.88 mm, 85 A, Marathon special products 985-GP-10, and the
Chargepoint Homeflex NEMA 6-50 plug.

The trailer motor assembly consists of a multitude of components that are needed to transport
the trailer from one trolley to another. Highlighted components include an AC Gearmotor,
industrial roller chain, industrial chain sprockets, floating roller chain tensioner, adjustable slide
rails, etc. The AC Gearmotor selected is a NORD 3-Phase Inline Shaft AC Gearmotor due to the
torque of 350 ft.-Ibs. and power of 1.35 HP required to power the trailer. The AC Gear motor
selected has a power of 5 HP, with a torque of 1,250 ft.-Ibs. of torque and is going to be powered
by the 1 - 400 HP, 460V, 50/ 60Hz, 3-Phase, Westinghouse Inverter. The inverter is going to take
the 350VDC input from the battery pack and invert the power to 460VAC. The inverter will output
3 phase power at 460VAC and the AC gearmotor can be wired for either 460 or 260VAC. Figure
3.46 shows several modifications made to the trailer car
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(a)

(c)

Figure 3.46 Trailer Modifications: a) Welding of battery support, b) Motor Power Connections,
c) Installation of the AC Gearmotor; and d) Reinforced Trailer Chassis.

3.3.2. Demonstration at Belmont

The actual demonstration of the wireless power charging setup was performed on October 12,
2022. A night event was planned along with Belmont Trolley and the City of Belmont and was
hosted at the Belmont Public Works. Since there is no railroad tracks, a 20 ft temporary track was
built to allow the trailer car to travel and stop on top of the WPT pad. The event was opened to the
public with several invited guests. Over 160 people have attended the event and witnessed the IPT
technology and the demonstration of the charging of the battery trailer.

Because the 150 kWh Li-ion battery would take a long time to charge, a scaled display light
setup was used to indicate the wireless power transfer. To remotely control the trailer car, the
gearmotor was modified and coded with a Arduino Uno. Using Arduino IDE, an App has been
developed for download to cell phones for controlling the motorized trailer. Figure 3.47 shows the
demonstration of the trailer car moving back and forth on the tracks and power charged by the
WPT pad.
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Figure 3.47 Wireless Power Charging Demonstration: a) Trailer Car Running over the WPT
Pad, b) The Trailer with Light Display, c) Light Display Lit up During Charging; and d)
Audience Inspecting the WPT Setup.

3.4. A Separate System Design (RPS)

A sub-scale WPT system was developed by RPS separate from the UNC Charlotte system. The
goal is to demonstrate a different IPT technology using copper sheet and a single transmitter setup.
The sub-scale WPT system was assembled in a mockup fashion to measure its electrical
parameters for further simulation and determination of the values of external passive parts that
effect its efficiency. Figure 3.48 shows the subscale system assembly. The subscale system (1/2
scale) is operating at a 4-inch air gap. System parameters were measured with East Tester ET1090
LCR meter capable of reading Inductance, Capacitance and Resistance at frequencies up to

100kHz (Table 3.7).

Table 3-7 Electromagnetic Testing Results.

Component Inductance [uH] ESR [mQ] Coupling
Transmitter 2.62 50 445
Secondary (2 turns) 10.7 100

*ESR stands for effective series resistance and includes both the alternating current (AC) resistance of the copper

conductors that make up the coil and the AC core losses resulting from the alternating currents.
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Figure 3.48 Preliminary subscale system assembly for measurement of inductance, resistance
and coupling factor used in further simulations

ESR values measured were lower than the values in Table 3.7 and values of 50 mQ and 100
mQ were estimated for use in the simulation to consider the core loses of the ferrite plates. As an
LCR meter only injects a small current of a few milli-Amperes, it cannot measure the actual core
losses at AC currents as high as 290 Amp in this system. The core losses in ferrite typically increase
at the power of 2.7 (as opposed to the power of 2 when squared or the power of 3 when cubed) in
relation to the current oscillating in the coil conductors. The measured data above was used to
simulate the system for operation at 85 kHz in Figure 3.49.

Results of the simulation indicate:

e Transmitter resonating tank current of 299 amps root mean square value (RMS)
e Transmitter resonating voltage of 404 volts RMS.

e Receiver resonating tank current of 72 amps

¢ Receiver resonating voltage of 501 volts

e Operating efficiency of 82%

The lower efficiency and much higher transmitter tank currents required another look at
options to improve the system performance so the 2 turn coil in the receiver is planned to be
replaced with a 4 turn coil resulting in a much higher inductance than was simulated in Fig 3.49.
This upgrade from a 2 turn receiver to a 4 turn receiver will happen after low power testing of the
mockup assembly.
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Figure 3.49 Simulation results using preliminary inductance, resistance and coupling factor
3.4.1 Low Power Mockup Testing

Figure 3.50 shows the single winding of 7.62cm x 0.056 cm copper over 4 transmitter pads
(N=4) that are 81.3 cm in total length next to the receiver unit with a double winding of 5.08 cm x
0.0521 cm copper. In this case the receiver length between the cross conductors is 5 (N+1)
transmitter units long. This is the configuration of hardware that was measured and simulated in
Fig 1 and Fig 2 before being tested at low power in the assembly pictured in Fig 3.51.

Figure 3.50 Mockup Hardware of single turn 4 pad transmitter and 2 turn receiver
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L&
Figure 3.51 Mockup fixture of subscale system tested at low power

Initial testing of the %2 scale mockup was performed with power supplies limited to 40 volts
and 30 amps. Test results presented in Fig. 3.51 shows the output power ranged from a maximum
of 845 Watts down to 451 Watts. The efficiency ranged from 80 to 84%. What was adjusted
between each test point was the capacitance value on the receiver side which adjusted the
resonance value of the system.
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Figure 3.52 Test results of subscale system with two turn receiver using 40-volt power supply

In order to operate at higher power levels, the system has to be converted from an AC to DC
power supply to batteries to provide the DC input power to the high frequency inverters and the
DC input voltage can be raised in increments of 7.8 volts per battery module. Power supply systems
are limited to 3kW or 6kW where the batteries that RPS has on hand can power the system at up
to 200kW. The benefit of power supplies in early testing is that they limit current so minor system
failures will not damage expensive hardware, power supplies can limit current to less than 25 amps
during a failure or mistake in the controlling software. Further as the hardware moves to the full
sub-scale assembly the receiver will be wound with four turns of 17 copper strip instead of the two
turns of 2” strip pictured in Fig 3.49. This is shown in Figure 3.53.
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Figure 3.53 Simulation of Subscale System with 4 turn Receiver

Results of the simulation are summarized below:

e Transmitter resonating tank current of 142 amps RMS
e Transmitter resonating voltage of 301 volts RMS

¢ Receiver resonating tank current of 84 amps

e Receiver resonating voltage of 2147 volts

e Operating efficiency of 89.6%

This resulted in getting the efficiency close to 90% and reduced the resonating current in the
transmitter coil back to under 150 amps RMS with a resonating voltage of 301 RMS. Because the
multiple transmitter sections will need electromechanical contactors and exposed bus bars it is
important to keep the transmitter coil resonating currents and voltages at a modest levels which
they now are.

The conclusion is that a 4 turn receiver coil will be the final design and a custom high voltage
series capacitor will be designed into the receiver assembly. Figure 3.54 shows the overall
Subscale system test setup. The red, bule and green LED’s lighted on the two printed circuit boards
on the side of the stand indicate that the first 4 transmitter pads are electrically connected in series
and to both legs of the high frequency AC Bus.
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Figure 3.54 Static subscale system setup with 4 transmitters and 30 Volt power supplies
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4. Findings and Conclusions

The inspiration of current research is to address the labor safety issue during plug-in operations
of locomotive batteries. The North Carolina Department of Transportation (NCDOT) Rail
Division currently owns a fleet of eight (8) F59PH and PHI diesel-electric locomotives and these
locomotives are plugged into electrical ground power (480V/400A three-phase) to charge the
onboard batteries. The plug-in procedure requires parking the vehicles at specific locations and the
physical attachment of a heavy cable adaptor to the locomotive, which has potential of causing
back pain, tripping personnel working on the tracks, and other labor safety-related risks. The
project suggested the development of wireless power charging technology to replace the plug-in
operations.

After the initial studies, the huge potential of the wireless power transfer technology for railway
applications has been recognized and a W-I shaped coupler is developed to wirelessly charge the
rail locomotives based on the current challenges and gaps of IPT technology for the railway
application. The W-I shaped coupler has a relatively higher coupling coefficient and a significantly
lower core volume, which can reduce the core material cost and maintain the power transfer
capability. Its modular design is easy to extend to achieve a higher power rating and is compatible
with static and dynamic charging.

The development involved two phases: 1) a Sub-scale system development and 2) a full-scale
prototype development. The sub-scale system demonstrated charging coupling mechanisms and
the prototype of the full-scale, W-I shaped coupler-base IPT system was constructed and validated
at 5 KW with 92.5% efficiency, which is the highest IPT system efficiency reported for railway
applications. The EMF was also measured at a reasonable test point to ensure the safety of the
designed wireless charging system. All studies have been validated using numerical models
developed using ANSYS Maxwell.

The full-scale prototype was demonstrated in a full-scale trailer cart that was sponsored by
Belmont Trolley and the wireless power charging prototype was performed at the Belmont Public
Works facility, Belmont, NC on October 12, 2022.

Finally, a separate IPT system using thin copper sheets and 4-turn receiver coil (by RPS) was
presented, which shows an alternative design that is currently being customized for full-scale
implementations.

5. Recommendations

Current W-1 shaped coupler-based IPT system has been demonstrated at 400 V, which is
compatible to the railyard plug-in charging units. However, to fully implement the WPT system at
the NC DOT Railyard, it is necessary to evaluate the power electronic modifications of the existing
power charging units to accommodate the IPT system. Such project should be undertaken by a
commercial company.

6. Implementation and Technology Transfer Plan
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The Belmont Trolley trailer cart has been recognized as an effective tool to demonstrate the
WPT technology for rails to both NCDOT engineers and the public. In particular, current system
can be demonstrated on temporary tracks, thus, void the necessity to coordinate with actual
operational railroad routes. Hence, for technology transfer, it is recommended that NCDOT,
UNC Charlotte and Belmont Trolley can coordinate joint training sessions utilizing the existing
setup.

Technology Transfer: To date, the research team has demonstrated the technology at Belmont,
North Carolina on October 12", 2022. The one-day event was successfully draw in over 160
audience strong. The same event will be planned in the near future for NCDOT.
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