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Abstract

As wireless power transfer (WPT) technologies emerge in a wide range of applications including public transportation,

many expect that applying the technology to the current railway systems will bring positive effects to current railway

systems. In this paper, we introduce design methodology of a WPT system for railway application. Fundamental princi-

ples of magnetic fields and a WPT circuit are first analyzed, and advantages and efficiency of a possible train system are

discussed. It then examines other significant factors such as performance requirements and EMC criteria to design a

wireless train system.
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1. Introduction

Since the Industrial Revolution, pollution caused by the

use of fossil fuel and the exhaustion of the natural

resources have been big issues all over the world. The

trend towards electric vehicles is one of the efforts to alle-

viate the negative environmental impact on the earth [1].

Scientists are still struggling to attain their long-cherished

desire by inventing an efficient and effective electric vehi-

cle. One of the main obstacles that block their passage to

the dream is safety and it is indeed the key to realizing an

environmental-friendly vehicle.

Applying wireless power transfer (WPT) technologies to

public transportation is one promising effort to reduce the

consumption of oil energy. Even if the concept was first

introduced in 1970’s [2], it is an undeniable fact that the

technology had almost been discarded as an unrealistic

one for more than a century. Recently, Korea Advanced

Institute of Science and Technology (KAIST) showed the

possibility to put the WPT vehicle on the market in the

transportation industry by introducing an On-Line Electric

Vehicle (OLEV) [3]. By installing the power lines under-

neath the ground and pickup modules on the bus, OLEV

resolved the critical problems of conventional electric cars,

such as the bulky size and weight, low power capacity,

high expense, long recharging time, and short life expect-

ancy of batteries.

The railway systems, which are spotlighted as future

green transportation systems, can be the application of the

wireless power transfer technology. The railway systems

inherently have advantages in higher efficiency due to

smaller air gap for wireless power transfer system, and

almost no lateral displacement as well as increased attrac-

tiveness, and reduced management costs.

In this paper, we introduce the concept of wireless

power transfer technology applications to railway system

and suggest design methodology for high-power wireless

power transfer systems with high efficiency. Also, the con-

cerns on the leaking electromagnetic fields and its effects

on human bodies are discussed.

2. Wireless Power Transfer System

2.1 Wireless power transfer using magnetic

fields

Before introducing the principle of wireless power trans-

fer system, the concept of magnetic circuits should be

explained first. The magnetic circuit concept is analogous

to the one of electric circuits. Let us assume that there is

uniform flux and magnetic field inside an element with a

permeability of µ. If the element has a length of l with a

cross-sectional area of Ac, then the magnetomotive force
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(MMF)  is

(1)

Fig. 1 illustrates this equation.

Substituting H = B/µ and B = /Ac,

(2)

By defining 

(3)

we can express

(4)

This equation is similar to Ohm’s law. The constant  is

defined as the reluctance and is also analogous to the resis-

tance R in an electrical circuit. Therefore, we can make

lumped magnetic circuit models for complicated magnetic

structures. Then, the magnetic circuit models can be

solved with the same way as we analyze conventional

electric circuit models.

Fig. 2 illustrates conceptual transformers to explain the

basic principle of wireless power transfer technology. 

Consider first the transformer without air-gaps in Fig.

2(a). If the core of the transformer has cross-sectional area

Ac, mean magnetic path length lm, and permeability µ, the

core reluctance becomes

(5)

Since Ampere’s law states that

 passing through the loop (6)

MMF is

(7)

The transformer in Fig. 2(b) has air-gaps. Therefore, the

equation for MMF should include the MMF of the gaps

and MMF becomes

(8)

Using Faraday’s law and Eq. (8), we can obtain the

induced voltage in the secondary winding as

(9)

(10)

where

(11)

(12)

are the magnetizing inductance and magnetizing current,

referred to the secondary winding. Eq. (9) and (10) show

that the total reluctance of the transformer increases with

the air gap while the magnetizing inductance decreases with

it. We can conclude that the larger the air-gap becomes, the

less the voltage is induced in the secondary coil; therefore,

less power is transferred via the wireless system.

2.2 Equivalent circuit analysis

An equivalent circuit for a wireless power transfer sys-

tem can be easily found as Fig. 3.
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Fig. 1 Magnetic flux illustration

Fig. 2 Transformers as conceptual examples of wireless power 

transfer technology application
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Assume that all the voltages and currents in this circuit

model are root mean square (rms) values. According to

Kirchhoff’s voltage law (KVL), we can obtain

(13)

from the first circuit and

(14)

from the second circuit where

,

(15) 

Rearranging Eq. (14), we can get

(16)

Substituting Eq. (16) into (13) yields

(17)

which is equivalent to

(18)

Complex power can be defined as

(19)

since V and I are rms values. Then, the power transferred

to the load is

(20)

Likewise, the power supplied by the source is

(21)

Now, let us define a power transfer function K as

(22)

Then,

(23)

When resonance occurs in a system,

(24)

therefore,

(25)

and Eq. (23) becomes

(26)

From Eq. (23) to Eq. (26), we conclude that the highest

power transferred occurs at resonance. Furthermore, Eq.

(26) indicates that a decrease in RS and RL, and an

increase in ω and M can enhance efficiency the efficiency

of the power transfer to the load.

3. The WPT System for Trains

3.1 A WPT system for transportation

Even if the principle is already used for many house-

hold appliances as well as several industry and transporta-

tion applications, the market of wireless power technology

is dramatically expanding and application of WPT is

indeed a growing trend in recent years. Table 1 clearly

demonstrates how the WPT market is growing in a wide

range of applications in industry.

Consider WPT usage in transportation. Fig. 4 shows the

basic concept of the wireless power transfer technology

that is used in some transportation industries.

The general working principle of WPT systems for
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Fig. 3 A circuit model for a wireless power transfer system to 

show the relationship between the source voltage and the 

induced current
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transportation is based on inductive power transfer of a

transformer (as explained in section 2) with an iron core

separated by an air gap (refer to Fig. 2(b)). A conceptual

transformer is plotted in Fig. 4(a) with a demonstration of

a pick-up model for buses. Fig. 4(b) shows the pick-up

module in more detail. Compared with the conventional

transformer with an air-gap in Fig. 2(b), the WPT transpor-

tation system in Fig. 4 has one additional column in the

middle. This structure is to properly guide the generated

magnetic field from the primary coil to the secondary one

so that the efficiency is maximized. Also, the typical WPT

bus has an extended primary winding as a long power-line

loop at the lower core while three secondary coils are

located in the upper core few centimeters away from the

bottom core. This geometry makes the WPT system for

transportation look different but, as mentioned previously,

the main principle is the same as the one in Fig. 2(b).

3.2 Application of WPT to a railway system

A similar system with the same concept of WPT buses

can be applied to railway systems. Fig. 5 shows a WPT

based train system with a detailed demonstration of its

power lines and pick-up module.

By applying the WPT system to trains, we can expect

many advantages. Firstly, unlike conventional catenary

operation, overhead wires and power poles can be elimi-

nated and spaces are opened up so that attractiveness of

surroundings dramatically increases. The application also

ensures continuous energy supply with contactless power

transfer between the pick-up coils on the train and the

power lines underneath the ground. It keeps the vehicle’s

performance levels constant for continuous operation. Effi-

ciency of transferred power can be increased by reducing

the air gap [4] because, in the train case, possible obsta-

cles on railways are much less than those on a freeway,

and the fixed railway ensures the constant and stable

power transfer. Furthermore, since the system wirelessly

provides the energy needed for vehicle operation, extra

maintenance costs are eliminated and the train systems

become immune to various weather conditions.

When applying a new technology to an existing system,

two elements should be considered in advance; feasibility

and verification of expected advantages. To support our

Table 1 An expected WPT application roadmap

No Watts Application Stage 2012 2013 2014 2015 2016

1 5W
Mobile 

Equip.

R&D

Mrch

2 30W Tablet PC
R&D

Mrch

3 50W PC & Laptop
R&D

Mrch

4 100W TV & Robot
R&D

Mrch

5 150W
Electric 

Vehicle

R&D

Mrch

*Mrch: Merchandising

Fig. 4 An example of a WPT system for transportation

Fig. 5 An example of a WPT train system

Fig. 6 A 3-D model for simulation of a WPT system in a train
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contention in this paper, we first modeled a possible WPT

system via Maxwell, a commercial simulation tool to elec-

tromagnetic and electromechanical devices.

Fig. 6 shows our model for a WPT based train. It con-

sists of several elements including a pick-up module and

two power lines. Important demands and materials are

shown in Table 2 and Table 3. All the information in Table

2 and Table 3 is referenced from KTX-II which is the lat-

est commercial high-speed train verified to operate in

South Korea [5].

According to the equations driven in section 2.2, more

power is transferred to the WPT train as the air-gap

between the ground and the pick-up module decreases. To

verify the theory, induced voltages are analyzed with dif-

ferent air-gaps. Fig. 7 shows the air-gap h. The initial

value of h is 20cm and h decreases by 2 cm for each itera-

tion until it reaches a height of 8 cm. Current settings for

coils and power lines are summarized in Table 4.

Each simulation shows three different induced voltages

for coils on the left, coils in the middle, and coils on the

right respectively. For illustration, the first simulation

graphs are demonstrated in Fig. 8.

Since the left and right parts of the pick-up are symmet-

ric, the induced voltages are the same, while much higher

Table 2. Element dimensions

Value(mm)

Car length
22,690 (tractions heads)

21,845 (intermediate cars)

Car width
2,814 (tractions heads)

2,970 (intermediate cars)

Car height
4,062 (tractions heads)

4,100 (intermediate cars)

Track gauge 1,435

Track height 174

Wheel radius 468.5

Table 3. Parts materials

Material

Car Frame Aluminum

Bogie Steel

Pickup Device Ferrite(PL-13)

Rail, wheels, coils Copper

Table 4. Current settings for coils and power lines

Place Current Value (A) Turns(n)

Power lines 260*sin(2*pi*20000*t) 1

Pick-up module(left) 20*sin(2*pi*20000*t) 28

Pick-up module(middle) 20*sin(2*pi*20000*t) 64

Pick-up module(right) 20*sin(2*pi*20000*t) 28

Fig. 7 Enlarged illustration of a pick-up module and a power 

line system for a WPT system train

Fig. 8 Induced voltages for coils of (a) the left part (b) the 

middle part (c) the right part of the pick-up module
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voltage is induced in the middle due to more turns of coils.

The total maximum induced voltages for each air-gap are

summarized in Table 5 and an equivalent graph is shown

below for illustration.

Fig. 9 shows that induced voltage almost exponentially

increases as the air-gap decreases. From those results, we

can conclude that reducing air-gaps is important to design

efficient WPT trains. This result also complies with the

theory explained in section 2.1.

There exist more challenges to apply the WPT system to

trains. Since the level of required power to operate such a

huge vehicle is much higher, either the number of pick-up

modules or the currents dealt with in the system should

largely increase. Consequently, much higher power loss by

leaking magnetic fields is caused with the same power

transfer efficiency and, due to the higher level of mag-

netic leakage, the system might not be able to meet the

regulations. Therefore, in the following sections, a proper

guidance on how to design WPT trains is introduced.

4. Design Methodology WPT
Railway Systems

4.1 Performance requirements

When designing a system of any trains, the first element

to meet is requirements for its performance. Since trains

deal with much higher level of voltage and power output

than those of buses, it is important that one meets high

power requirements while keeping its safety. Frequency

and voltage in the WPT system play an important role in

its performance, and should also be taken into main con-

sideration because they directly affect intensities of mag-

netic flux densities in the system. EMF criteria for WPT

railway systems are explained in detail in the next sub-sec-

tion due to its paramount importance. In this section,

power supplies and power outputs of some high speed

trains are held up as an example.

Power output of trains differs from country to country as

well as power supply. In Korea, HEMU-400X, which is an

experimental high-speed train of South Korean, has

8.2MW as its power output while KTX-Sancheon as the

latest commercial high-speed train verified to operate in

the country has its power output of 8.8MW [6]. In the case

of Europe, a reference shows that ICE 3’s power out is

8MW [7]. TGV in France, has a similar power output,

9.28 MW [8] whereas Japanese N700 Series double the

usual power outputs of others [9]. Table 6 summarizes the

specifications including power supplies for each train.

According to Table 6, we can conclude that the general

power supply is 25 kV/60 kHz for most current trains, and

power outputs are 2 MW, and 9 MW for general and high

speed trains respectively. Assuming that the currently

available power supplier for WPT systems is 100 kW, we

Table 5. Summary of maximum induced voltages

Air-Gap (cm) 20 18 16 14 12 10 8

Max. Induced 

V(kV)
1.4 1.45 1.62 1.96 2.08 2.24 2.6

Fig. 9 Maximum induced voltages with variation of air-gap

Table 6. Power supply and power output of current trains

Power Supply Power Output

KTX-II 25kV / 60Hz 8.8 MW

Hemu 25kV / 60 Hz 8.2MW

ICE 3 15kV / 16(2/3) Hz 8MW

N700 Series 25kV / 60 Hz 17.08 MW

TGV Duplex 25kV / 50Hz 9.28 MW

Mugunghwa 25kV / 60Hz 2MW

Nuriro 25kV / 60 Hz 2MW

Hanbit200 25kV / 60 Hz 4MW

Fig. 10 (a) Pick-up dimensions and space (b) the total length 

of KTXII
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can calculate dimensions of pick-up modules and trains to

see if the whole number of required pick-up modules can

fit into a train. In the case of KTX-II which requires

8.8 MW to operate, the total length of the train is 201 m.

Since the width of the currently available pick-up module

is 0.58 m, we can get

 (27)

(28)

(29)

Eq. (27) shows the number of the required pick-ups in a

train, and Eq. (28) and Eq. (29) demonstrate the sum of

total clearance and the calculated space for each side of a

pick-up. Fig. 10 illustrates some pick-up modules and

room for spacing among them.

From the calculation (Eq. (27), Eq. (28), Eq. (29)), and

Fig. 10, we can conclude that the length of the total num-

ber of pick-up modules can fit into a train in the case of

KTX-II. Since there is not much difference in power

requirements for other trains, it is reasonable to say that

the WPT pick-up modules can be installed in currently

existing trains in general.

4.2 EMF criteria

The main feature that makes WPT trains stand out from

other conventional ones is that magnetic fields are gener-

ated by power lines and absorbed by pick-up modules.

Therefore, WPT systems should follow safety regulations

legislated by corresponding countries to come into the

market. Currently many countries fall in line with the reg-

ulations of International Electrotechnical Commission

(IEC) when it comes to measurement methods for electro-

magnetic fields of household appliances and similar appa-

ratus with regard to human exposure. OLEV, for example,

abides by the IEC 62110 international standard at the

request of the government. IEC 62110 states that the mag-

netic flux density in an electronic system should be below

62.5 mG, which is much lower than IEEE standards of

1100 mG, measured 30 cm away from the center. Recent

research [4] predicts that lowering magnetic flux density to

the level of 62.5 mG is challenging and therefore, meeting

EMF criteria is of paramount importance when designing

a WPT railway system.

There are two measurements specified in IEC 62110;

one is single-point measurement and the other is three-

point measurement. The single-point measurement is used

when fields are uniform in an electric device while the

three-point measurement is applied when fields are non-

uniform. Fig. 11 illustrates the three-point measurement in

detail.

In the case of WPT trains, the magnetic field reduces as

it penetrates bogies and its outer frame. Also, the farther

pickup positions are located from the gap between bogies

and corner lines of its frame, the less magnetic field leaks

through magnetically weak points [4]. Therefore, when

designing WPT trains, materials and coverings are also

important design factors to choose when it comes to meet-

ing the regulations. Fig. 12 shows an example of mag-

netic fields distribution on a WPT bus.

5. Conclusion

The market trend shows that the application of WPT

technologies dramatically increases in recent years; there-

fore, it is worth trying to apply current WPT technologies

to high power systems such as trains. While WPT trains

provide many advantages over conventional trains (elimi-

nation of overhead wires reduces cost to build and main-

tain railway infrastructures, and increases attractiveness of

surroundings; continuous energy transfer ensures constant

stable power supply; shortened air-gaps, compared to

buses, increase efficiency of current WPT systems; rail-

way systems become more immune to weather condi-

tions), there are many challenging elements to consider

since there have been no practical research on WPT rail-

way system design.

8.8MW

100kW
----------------- 88=

201m 0.58m 88×– 149.94m=

149.96m 88 2×( )⁄ 0.852m=

Fig. 11 Three points measurement (IEC 62110)

Fig. 12 Magnetic field distribution near a pick-up module
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This paper addresses key elements to consider when

designing a WPT train system. Principles and analysis of a

WPT circuit are first demonstrated, and then, 3-D electro-

magnetic simulations are utilized to verify the relationship

between air-gaps and efficiency of a WPT system. The

power requirements and the corresponding number of

pickups also show that it is possible to apply a current

existing WPT system in transportation industry to a rail-

way system. Finally, EMF considerations are discussed

based on the international EMF standards which indicate

the safety issues in developing WPT railway systems.
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