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A B S T R A C T

Recently, electric trams have been used as an eco-friendly mode of transport in urban areas. Of the various types
of electric trams, this study deals with wireless charging electric trams. A wireless charging electric tram can
draw electricity wirelessly from a wireless charging infrastructure installed on a railway line and store any excess
electricity in its battery. Therefore, we can eliminate the power supply line of conventional electric trams and
use smaller batteries than those necessary for battery-powered electric trams. Even when two wireless charging
electric trams are operated for the same amount of time, their electricity consumption rates may differ de-
pending on their speed, acceleration, and time spent at stations. Therefore, this study deals with the efficient
design of an operation profile (velocity) for wireless charging electric trams that can minimize variations in the
battery charge according to electricity consumption, considering the installed wireless charging infrastructure.
Mathematical model–based optimization is adopted to derive an efficient design for the operation profile, and an
appropriate solution procedure is proposed considering the features of the developed mathematical model. The
proposed model and solution procedure are tested using data from Pangyo, Gyeonggi Province, Korea.

1. Introduction

Electric tram systems are an increasingly popular mode of transport
in urban areas because they are considered to be eco-friendly because
they emit fewer environmental pollutants than buses or taxis that use
internal combustion engines and because they have shorter construc-
tion periods and lower investment costs than other modes of transport,
such as subway lines (Ogasa, 2008).

A typical electric tram is shown on the left of Fig. 1. It receives
electricity in real time through an overhead power supply line and
transfers the electricity generated by regenerative braking. As men-
tioned earlier, a typical electric tram has many advantages, but its
power supply line causes several problems. First, its lack of aesthetic
appeal can affect the cityscape. This effect is worsened in areas in which
several tram routes intersect, because many power supply lines are
intertwined. In addition, because these power supply lines occupy a
certain area, additional construction costs are incurred when drilling
tunnels. Furthermore, even in the design of multiple-layer electric trams
or other types of electric trams, the power supply line is regarded as a
hindrance. Maintenance costs are relatively high because the power
supply lines are installed on all tram routes.

Therefore, wireless charging electric tram systems have entered the
spotlight as an alternative means of transport. The wireless charging
electric tram system is an innovative concept that can receive electricity
wirelessly even when while moving through the charging infrastructure
installed on a railway line. That is, as shown in Fig. 2, a wireless
charging electric tram can gain electricity as it passes over a railway
line on which the wireless charging infrastructure is installed. In ad-
dition, it can hold the remaining electricity in a battery after using what
it needs. When a wireless charging electric tram operates on a railway
line without a wireless charging infrastructure, it uses the electricity
stored in its battery in the same manner as a conventional battery-type
electric tram (Ko & Jang, 2013; Suh & Cho, 2017).

The key technology enabler of a wireless charging electric tram is
the wireless power transfer (WPT) technology (Jang, Jeong, & Lee,
2016). Two coils placed in close proximity undergo mutual inductive
coupling when they are configured such that the time-varying current
flow through one wire induces a voltage across the ends of the other
wire via electromagnetic induction (Jang, Ko, & Jeong, 2012, March).
WPT technology has been successfully used for charging handheld de-
vices such as electronic toothbrushes, telephones, and medical devices.
Furthermore, wireless charging has been widely used for automated
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material handling systems in semiconductor fabrication and liquid
crystal display production lines (Jang, Choi, & Kim, 2005).

The wireless charging infrastructure consists of an inverter and an
inductive cable. The inverter supplies the appropriate amount of elec-
tricity to the inductive cable, which produces an electromagnetic field
with the supplied electricity. When a wireless charging electric tram
passes over the wireless charging infrastructure, the pick-up device
under the tram receives the electricity wirelessly using the electro-
magnetic induction phenomenon (Cho, Jung, Yoon, & Lee, 2015). A
series of connected inductive cables requires one inverter. In other
words, if an inductive cable is installed in more than one place, each
inductive cable requires a separate inverter.

For wireless charging electric trams, as with conventional electric
trams, electricity can be produced via regenerative braking, a method
in which an electric motor operates as a generator and its generated
power returns to the power source (González-Gil, Palacin, & Batty,
2013).

We understand that Davis’ equation provides a more detailed fric-
tional force parameter (Rochard & Schmid, 2000). An accurate estimate
of the regenerative breaking energy can be obtained from this friction
parameter. However, instead of using the frictional force to estimate the
amount of regenerative energy, we used the energy logistics equation in
our modeling. That is, we assumed that if the energy flow was negative
(flowing forward to the source of the generator) due to deceleration,
regenerative energy was partially created. Such an approximation of
the regenerative energy was described by Zhang and Mi (2011).

Therefore, the power consumption of the wireless charging electric
tram system covered in this study must account for all of the energy
generated by the operation of the trams, the wireless charging

infrastructure, and regenerative braking. Thus far, research on wireless
charging electric tram or vehicle systems has ignored studies on oper-
ating profiles such as the control of speed and acceleration according to
the running time and have dealt instead with efficient deployment of
the wireless charging infrastructure (Jang, Jeong, & Ko, 2015; Ko &
Jang, 2013; Ko, Jang, & Lee, 2015; Li, 2016). Thus, in this study, we
attempted to develop an optimal control method for speed and accel-
eration according to the running time of a wireless charging electric
tram system that would minimize the required battery capacity, con-
sidering the power consumption by the driving dynamics, wireless
charging, and the power generated by regenerative braking.

The remainder of this paper is organized as follows: Section 2 dis-
cusses the related studies in the literature review. Section 3 describes
the operation dynamics of wireless charging electric trams and in-
troduces and explains the proposed mathematical model for optimal
operation dynamics to minimize the required battery capacity. Sections
4 and 5 discuss the proposed solution procedure and describe the
considered numerical example, respectively. Finally, concluding re-
marks based on the findings and insights from this study are presented
in Section 6.

2. Literature review

Wireless charging technology works on the principles of magnetic
resonance and magnetic inductance. When an electric current flows
through a wire coil, an electromagnetic field is formed in its vicinity.
When another wire coil is placed inside this electromagnetic field, an
electric current is induced in this other coil. However, depending on the
relative positions of and the distance between the two wire coils, the

Fig. 1. Typical electric tram and wireless charging electric tram.

Fig. 2. Conceptual description of wireless charging electric tram system.
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