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This paper overviews a traction system for Tokaido Shinkansen trains and presents a novel silicon carbide (SiC)—
applied traction system of the new generation Shinkansen train, “N700S”, which began commercial service in the
summer of 2020. To achieve compactness and weight reduction, N700S’s traction system aimed to take advantage of
the merits of SiC devices, which have a lower power loss, higher frequency, and a higher current than Si devices, not
only in the conversion system but also in the entire traction system. This weight reduction and compactness allowed
for flexibility in the design of underfloor equipment of the car body and enabled the realization of a lithium—ion battery
self—traction system that could operate catenary—free at low speeds in the event of a power outage. It also contributed
toward achieving flexibility by the easy redesign of different configurations of trains such as 8—car or 12—car sets rather
than the standard 16—car trains used for the Tokaido Shinkansen, the concept of which is referred to as the “Standard-
ized Shinkansen train”. The continuous introduction of energy—saving Shinkansen trains including N700S has also
led to a decrease in Tokaido Shinkansen’s energy consumption. This is the first application of an SiC device and a
lithium—ion battery to a high—speed train’s traction system in the world.
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1. Introduction

Since its inauguration in 1964, the year of Tokyo
Olympics, the Tokaido Shinkansen has supported Japan’s
economic growth as a transportation artery across three
largest metropolitan areas, Tokyo, Nagoya and Osaka. Its
inter—city transportation capacity is globally unique. Be-
tween 1964 and 2019, approximately 6.4 billion people have
used the Tokaido Shinkansen, which ensures safety, punctu-
ality, high speed, high frequency, high capacity, environmen-
tal feasibility, and comfort .

The Tokaido Shinkansen train has significantly evolved
since its advent. The engineers of Japanese National Rail-
ways (JNR) strategically adopted the distributed traction sys-
tem, or electric multiple unit (EMU) @, when the first gener-
ation of Shinkansen train, or Series 0, was designed in 1960s.
They believed that the distributed traction system can effi-
ciently utilize regenerative braking, realize higher acceler-
ation and deceleration performance resulting from effective
use of wheel-rail adhesion, and decrease the maximum axil
load. They further envisioned that these advantages would
continuously enhance the performance of Shinkansen train
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by employing new technologies, such as power electronics.

After the privatization of JNR, the philosophy of the
Tokaido Shinkansen train was inherited by Central Japan
Railway Company (JR Central), one of the six private pas-
senger railway companies. Through effective utilization of
power electronics, weight reduction and compactness of the
traction system was achieved, thereby enhancing the poten-
tial of train performance. Further, it releases the additional
space and weight of the underfloor to enhance riding passen-
ger comfort and improve the positive environmental impact.

In 1992, the Series 300 Shinkansen train adopted the gate
turn—off (GTO) thyristors to realize the pulse-~width modula-
tion (PWM) converter/inverter system with the induction mo-
tor drives, achieving significant weight reduction and com-
pactness of traction systems®. The insulated gate bipolar
transistor (IGBT) that was applied to the Series 700 sig-
nificantly reduced weight and volume. In addition, low—
loss IGBTs of the Series N700 allowed for development of
a self—cooling system via natural underfloor airflow in the
car (called this “blowerless cooling system” or “train—draft
cooling system”). Whereas, the forced—ventilation system
with cooling blowers was employed as the conventional cool-
ing system in conversion systems in the Shinkansen train “.
Based on these backgrounds, we developed the silicon car-
bide (SiC) device applied traction system for the latest type
of Shinkansen train, N700S, where “S” is “Supreme”. The
train was commercially introduced in July, 2020.

First, this paper presents an overview of the development
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trajectory of traction systems of the Tokaido Shinkansen
train. Then, the paper presents the development of the
traction system of N700S. The key concept of the N700S
traction system is the combination of the SiC applied conver-
sion system with blowerless cooling system and six—pole in-
duction motors to pursue further weight reduction, compact-
ness and higher reliabilities. This compactness and weight
reduction expanded the design flexibility of the underfloor
layout and realized the concept of “Standardized Shinkansen
train”. It further enabled us to install the battery self—traction
system for emergency. Finally, the paper introduces the
energy conservation achieved by energy—saving Shinkansen
trains including N700S.

2. Development Trajectory of Traction System of
Tokaido Shinkansen

The traction system of Tokaido Shinkansen train has
evolved by adopting power electronics technologies based on
the distributed traction system.

2.1 Advantages of Distributed Traction System At
the time of its development, the Shinkansen system was to
employ the distributed traction system, in which a trainset
has several electric units composed of some motor cars. In
certain cases, it was equipped with one or more trailers. On
the other hand, European high—speed railway like TGV, or
a French high—speed train, employed the concentrated trac-
tion system represented by the locomotive system, in which
one or more locomotives pull or push the trailers®. Fig-
ure 1 shows an example of those systems. Generally, the
distributed traction system has merits:

(1) Effective use of regenerative brakes

(2) Higher acceleration and deceleration performance
resulting from significant total load on powered axles

(3) Effective use of space above the floor for passenger
cabins

(4) Reduction in maximum axle load

These merits improved the train performance such as its
acceleration and deceleration, energy consumption and less
impact on the track. Effective utilization of wheel-rail adhe-
sion was conducted in Shinkansen trains, where less adhesive
front car brake efforts are decreased and compensated by the
increased brake efforts of middle cars to ensure the total brake
of a trainset . The traction system is a primary component
of the distributed traction system and has improved by ap-
plying power electronics technology. Recently, global high
speed have incorporated the distributed traction system, rep-
resented by ICE3 in Germany, AGV in Italy, THSR in Taiwan
and CRH in China ™.

The traction system of the Tokaido Shinkansen train con-
sists of main transformers, conversion systems, and traction
motors. Figure 2 shows a conventional example of the latest
system. A single-phase alternating current (AC) of 25000 V
power is supplied to catenary. The pantograph receives elec-
tricity from the catenary, and the electricity flows to the main
transformer. The transformer steps down its voltage to AC
1500V and sends it to the conversion system. The con-
version system, which comprises an AC/DC converter and
a DC/AC inverter, converts the electricity to direct current
(DC) of 3000V once, and then inverts it to a three phase AC
electricity with changing frequencies and voltages to drive
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Table 1. Improvement in the traction systems of the
Tokaido Shinkansen train
[ [ u.'au == c_a
Type Eﬂ : -
Series 0 | Series 100 | Series 300 | Series700 | Seriee N100 | N7g0s
2020
Y 1964 1985 1992 1999 2007
e (2018)*
Power X X GTO Low-loss ’ )
X Diode Thyristor X IGBT SiC device
device thyristor IGBT
Control Tap Thyristor —
changer driven phase PWM converter and inverter
system control control
Cooling F J tilati " " Blowerless cooling system
svstem orced ventilation cooling system (Train draft cooling system)
Traction 3-phase induction motor
DC motor
motor 4-pole 6-pole
Electrlc Rheostatic braking Regenerative breaking
breaking

* N700S validation test train, or the prototype train, started running tests.

the induction motors for traction.

2.2 PWM Converter/Inverter System with Induction
Motor Drive and Regenerative Brake Table 1 shows
the improvement in the traction systems of the Tokaido
Shinkansen train. The first generation train of the Tokaido
Shinkansen or Series 0 and second generation or Series 100
used DC motors driven by a rectifier and voltage control, such
as the transformer’s tap changer or thyristor phase control.
This system requires resistors for dissipating the braking en-
ergy, which increases weight and wastes the energy as shown
in Fig. 3.
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In 1992, the Series 300 Shinkansen train adopted the GTO
thyristors to realize the PWM converter/inverter system “”
(AC/DC converter and DC/AC inverter) with induction motor
drives as shown in Fig.4. The weight of the traction motor
in Series 100 accounts for 40% of total weight of the trac-
tions system. Meanwhile, the rated power output and weight
of the DC motor of the Series 100 were 230 kW and 825 kg,
respectively, and those of the induction motor of the Series
300 were 300 kW and 390 kg, respectively. This means that
the weight per rated power output of the induction motor of
the Series 300 was approximately one third of that of DC
motor of Series 100. The allocation of lighter induction mo-
tors to the traction motors significantly contributed to weight
reduction of the traction system as shown in Table 2 and
Fig.5. The PWM converter/inverter system further realized
the AC regenerative brake. This can eliminate the resistor
for dissipating braking energy, resulting in compactness and
weight reduction. Further, this can return the braking en-
ergy to the catenary, resulting in saving energy. Addition-
ally, the power factor of the converter is controlled to be one,
which reduces the input current received from the catenary to
the pantographs. These developments led to the significant
weight reduction and compactness of traction systems. The
introduction of PWM converter/inverter system of Series 300
highlighted the advantages of the distribution system. This
achievement influenced the development of other Shinkansen
trains in Japan and high speed trains abroad ".

In 1997, the Series 700 became the first high—speed train
globally to use innovative IGBT technology. In addition
to improving train performance and introducing lighter and
more compact traction system, these technological innova-
tions have reduced the high harmonics and noise emitted
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Table 2. Power density comparison between direct cur-
rent motors (Series 0, Series 100) and induction motor
(Series 300)

Series 0 I Series 100 Series 300

DC Motor Induction Motor
Power (kW) 185 230 (124%) 300 (162%)
|Weight (kg) 876 825 (94%) 390 (45%)
|Weight/Power (kg/kW) 4.74 3.59 (76%) 1.30 (27%)

(a) DC motor (b) Induction motor

Fig.5. Direct current motor of Series 100 and induction
motor (prototype) of Series 300
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Fig.6. Conversion system with blowerless cooling

from the traction system via the higher switching frequency
of IGBT and a three-level control method.

2.3 Conversion System with Blowerless Cooling Sys-
tem In 2007, low—loss IGBTs of the Series N700 allowed
us to develop self—cooling system by natural underfloor air-
flow on the car (we call this “blowerless cooling system” or
“train—draft cooling system”), while the conventional cool-
ing system of Shinkansen train’s conversion systems is the
forced—ventilation system with cooling blowers as shown in
Fig. 6. The blowerless cooling conversion system is advanta-
geous in that they are lighter in weight since cooling blower
motors, fans and liquid cooling mediums are not required.
Moreover, their simple structure, which does not comprise
the cooling medium and cooling components, contributes to
easier maintenance, higher reliability, cost-reduction, and
eco—harmony such as reduction in green—house effect gases.
The blowerless cooling conversion system realized the fur-
ther weight reduction, compactness and higher reliability.

3. Development of Traction System of N700S

3.1 Development Concept The power devices used
in the Shinkansen traction systems were the silicon devices
(Si devices) ranging from diodes of the Series 0, in 1964, to
low—loss IGBT of the Series N700 in 2007. Although the
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Fig.7. Key concept of SiC application to a traction sys-
tem

Table 3. Specifications of N700S traction system

Main Transformer |Conversion System| Traction Motor

Primary: 5090 (kVA)
Secondary: 4640 (kVA)
Auxiliary: 450 (kVA)

1220 (kW)
(Nominal Output)

Capacity or

Power 305 (kW)

performance of the IGBTs improved in terms of switching
frequency and current capacity, the Si device appears to
have reached its theoretical limitation because of its indige-
nous characteristics "?. Wide-bandgap devices, such as a
SiC device, have lower loss and resistance to higher tem-
peratures and are available for commercial applications ‘¥,
Therefore, the 3.3kV-1500 A SiC device was adopted in the
Shinkansen traction system, and developments had begun in
2012 @00,

Based on the developments, we believed that our key con-
cept is to leverage the merits of the SiC device as shown in
Fig. 7"” The weight proportion of cooling fins in the blow-
erless cooling system is larger than that of the conventional
forced ventilation system. The application of SiC devices to
the conversion system with a blowerless cooling system is ef-
fective because cooling fins can be downsized owing to lower
switching losses. The larger current capacity enables us to
introduce six—pole induction motors instead of conventional
four—pole induction motors, resulting in a drastic weight re-
duction because of volume reduction of iron cores by increas-
ing poles. Therefore, we found that the merits of the SiC de-
vice can be utilized effectively by combining the conversion
system with blowerless cooling system and six—pole induc-
tion motors. For the first time, in 2020, N700S featuring the
developed traction system using SiC devices was made avail-
able for commercial operations. Table 3 lists the specifica-
tions of the traction system.

3.2 SiC-applied Conversion System The conver-
sion system of the Shinkansen trains consists of PWM con-
verter and a PWM inverter. We employed SiC devices in
both of the 3—-level converter and 3—-level inverter and further
used two types of SiC devices, the silicon IGBT with SiC—
Schottky Barrier Diode (Hybrid SiC) and SiC-MOSFET
with SiC-SBD (Full SiC). The device rated voltage and cur-
rent are 3.3kV and 1500 A, respectively. Figures 8 and 9
show the schematics of our developed conversion system.
Figure 10 shows the developed SiC—applied conversion sys-
tem with blowerless cooling system for conducting train run-
ning tests. The SiC devices are placed on the upper side of
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Fig. 10. Prototype of the developed SiC—applied con-
version system with blowerless cooling system

cooling fins, whereas the lower side of the fins faces the un-
derfloor and is cooled down by the train—draft airflows. As
the airflow speeds effect cooling capabilities, we collected the
field data in commercial operations; the data revealed the re-
lationships between train speeds, underfloor airflow, and tem-
perature raises of the devices.

We simulated the device energy loss per phase based on the
data obtained from train running tests by comparing the con-
verter in the conversion system with the IGBT and Hybrid—
SiC. The results show an approximate 30% decrease of total
device energy loss per phase of the converter. From those
data, we selected the size of the fins and positions of the de-
vices on the fins to avoid heat spots. Further, the power unit
including cooling fins, components, and switching drive cir-
cuits, could be streamlined.

We conducted running tests of the developed SiC—applied
traction system (conversion systems and six—pole traction
motors) using the N700 Shinkansen train and N700S vali-
dation test train, or a prototype train from 2015 to 2019. Fig-
ure 11 shows an example of the running test results between

IEEJ Journal IA, Vol.10, No.4, 2021
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Tokyo and Shin—Osaka (distance = 515 km); the results in-
dicate the estimated junction temperatures of an SiC device
(Hybrid-SiC) placed at an extreme position on the cooling
fin. The results show that temperature rises are sufficiently
below the limit values, and the performance of the traction
system is satisfactory. We further found that the Full-SiC
has the potential to achieve further weight reduction by opti-
mizing structures of cooling fins and their surrounding parts,
while its cost effectiveness should be carefully considered in
its application. Thus, we inferred that both the Hybrid—SiC
and Full-SiC should be adopted in our systems for differ-
ent purposes, depending on the extent of the expected and
prospective weight reduction and compactness. In series—
production N700S trains, the conversion systems comprising
Full-SiC devices are installed in cars equipped with a main
transformer. This is because such a car requires more weight
reduction than other cars, and thereby effectively utilizing the
advantage of Full-SiC.

Figure 12 shows the weight comparison of the conversion
system among N700A with Si device, N700S with Hybrid—
SiC and N700S with Full-SiC. The weight is reduced by
20% in the Hybrid-SiC device and 30% in Full-SiC device
of N700S, compared with that of Si device of N700A.

3.3 Compact and Lightweight Traction Motor (Six—
pole Induction Motor) *” The SiC-applied conversion
system can supply higher current and, thereby realizing an
increase in the number of poles from four poles to six poles.
This enables volume reduction of the core, subject to main-
taining the magnetic flux density in the core. Figure 13 shows
our concept implemented to develop the six—pole traction
motor driven by the SiC—applied conversion system.

In addition, we developed a novel structure of secondary
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core, or rotor, based on magnetic field analysis. The
secondary cores of conventional traction motors of the
Shinkansen trains have round holes for cooling because the
traction motors are more highly power densified for high—
speed operation. While the core around the rotor bars con-
tributes to the magnetic circuit, the core surrounding the axis,
where the magnetic field does not pass through, can be re-
duced "®. We conducted magnetic field simulations and thus
we attained a “spoke” shape as an optimized secondary core
instead of the conventional shape with round holes as shown
in Fig. 14.

Because of the higher current capacity of the SiC—applied
conversion system, we further changed the motor character-
istics from magnetic—load to electric—load. The electric—load
type motor has an advantage of weight reduction of the motor
because it can decrease the volume of iron core, which dom-
inates the total weight of the motor. Figure 15 shows the mo-
tor input voltages and motor currents by comparing the four—
pole motor for Series N700 and six—pole motor for N700S.
The ratio of motor input voltage (V) and frequency (f), V/f,
decreased by 15%, and the motor current of N700S increased.
These designing changes, such as six—poles and electric—load

IEEJ Journal IA, Vol.10, No.4, 2021
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characteristics combined with the SiC—applied conversion
system can achieve significant weight reduction. Figure 16
summarizes the effects of weight reduction by comparing
weight/power of motors of Series 300, Series 700, Series
N700, and Series N700A, which are conventional four—pole
motors, and N700S, which is the developed six—pole motor.
The weight/power of the N700S is reduced by 20%, which
significantly contributes to weight reduction of the tractions
system of the N700S.

4. Weight Reduction and Downsizing Effects

Figure 17 summarizes the weight reduction and downsiz-
ing effects. The width of the SiC—applied conversion system
of the N700S is reduced to half of that for the Series N700.
The axial length of the six—pole traction motor for N700S is
reduced by 10%. The weight of main transformer is reduced
by employing a newly developed cooling system rather than
SiC. The weight of the developed traction system for N700S
is reduced by 20% when compared with that of N700. These
results show that our approach to leverage the SiC for weight
reduction and compactness is successfully effective.

4.1 Design Flexibility of Train Underfloor Layout "”

The weight reduction and compactness can expand the flex-
ibilities of designing the layout of underfloor equipment as
shown in Fig. 18. Because the conversion system used in Se-
ries N700 or N700A is not sufficiently small to be installed
with a main transformer in the same car, the conversion sys-
tem has to be installed on a different car, which requires ad-
ditional connections between cars from the main transformer
via the conversion system to the traction motors. Such sepa-
rate installation of a main transformer and a conversion sys-
tem on different cars restricts the flexibilities of designing the
underfloor layout. This could be a challenging issue for the
distributed traction system.

The SiC-applied traction system solves this issue because
a main transformer and a conversion system can be installed
on the same car owing to their compactness and lightweight.
The Full-SiC employed conversion systems are installed in
cars equipped with a main transformer because its lightness
is completely utilized for solving the issue. These flexibilities
enable us to easily redesign different configurations of trains
(e.g. an 8—car train or a 12—car train) from the original 16—
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car train. This concept is called as “Standardized Shinkansen
train”, which highlights the advantages of distribution trac-
tion systems. It was thoroughly and strategically decided
when the Tokaido Shinkansen train was designed over 50
years ago. The concept is expected to be pervaded at home
and abroad. Recently, it was announced that the six—car set
N700S train will be introduced to West—Kyushu (Nagasaki)
Route of Kyushu Shinkansen.

4.2 Battery Self-Traction System We developed a
novel lithium—ion battery self-traction system for emergency
such as power failures of the catenary"”. The system is
installed in spaces released by adopting the compact and
lightweight traction system as shown in Fig. 19. The purpose
is to enable the train to self—propel at a low speed when long—
hour power supply outages occur. The system will further be
utilized for shunting trains at the rolling stock depots during

IEEJ Journal IA, Vol.10, No.4, 2021
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Fig.19. Self-traction battery unit mounted on N700S
prototype train
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Fig.20. Circuit diagram of battery self—traction system

night-time maintenance.

As for conventional trains and subway trains, the battery
self—traction systems have already been used for practical
purpose ®. However, these systems were not suitable for
Shinkansen trains in terms of compactness, lightweight and
compatibility with the functions for high—speed running per-
formance. Therefore, we developed the novel system using
the following concepts:

(1) The original traction performance and basic config-
uration of traction system that are optimally designed
for high—speed running remain unchanged;

(2) Battery type, protective detections, and protective
functions are meticulously selected to ensure safety
and reliability;

(3) Compactness and lightweight to be accommodated
at the released space on underfloor of car body are pur-
sued;

(4) The energy of battery is effectively utilized in the
usual condition in addition to the emergency condi-
tion.

Figure 20 shows a simplified circuit diagram of the
battery—powered self-traction system. The self—traction bat-
tery unit majorly consists of a lithium—ion battery unit, con-
tactors and a control unit. In normal mode, the batteries are
charged by an auxiliary power unit. In self—traction mode,
the batteries with the voltage of DC 750V is connected to
the DC link of the conversion system, which is DC 3000V in
its normal mode, by changing the connection of the contac-
tors. The system is designed to be sufficiently compact and
lightweight to be mounted on released underfloor space.

The N700S have eight battery—powered self—traction units
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Running test results of battery self—traction sys-

in a 16—car train. It enables the train to pass through tunnels
and bridges in the Tokaido Shinkansen line from Tokyo to
Shin—Osaka.

Figure 21 shows running test results conducted by using
the N700S prototype train up to a speed of nearly 30 km/h.
For the confirmation tests, we installed four battery self—
traction units in the 16—car train for experiments. The battery
output current was controlled to be larger at the start by con-
sidering steep gradients and then to be constant to maintain
output power constant. The battery further supplies current to
air compressors and blower motors for traction motors. We
confirmed that the decrease in the state of charge (SOC) was
satisfactory. The N700S pioneers the battery—powered self—
traction system using a lithium—ion battery for the first time
in the global high—speed rail.

5. Energy Conservation achieved by introducing
Energy-Saving Shinkansen Trains

In Tokaido Shinkansen, further reduction in the energy
consumption has been actively achieved by developing and
introducing energy—conserving trains . The N700S im-
proved its energy saving performance by running resistance
reduction, train weight reduction and improved efficiency
owing to SiC application. The compactness and weight re-
duction of traction system ensures the additional space and
weight for introducing appropriate measures for the running
resistance reduction owing to streamlining car body such as
bogie covers.

Figure 22 shows the comparison of electricity consump-
tion. The N700S will reduce energy consumption by addi-
tional 6% when compared with the N700A owing to its SiC—
applied traction system, lighter car body, reduced air resis-
tance, etc.

When operating between Tokyo and Shin—Osaka at a max-
imum speed of 285km/h, N700A consumes 23% less en-
ergy than Series 300 and 16% less energy than Series 700
when they are running at the maximum speed of 270 km/h.
This means that N700A is faster and much more energy effi-
cient. Consequently, the energy consumption unit at the end
of fiscal year 2018 (from April 1 2018 to March 31 2019)
decreased approximately by 34% compared to that in fis-
cal 1990 as shown in Fig.23. Further reduction in energy
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Fig.23. Shifts in the ratio of the Tokaido Shinkansen
energy—conserving trains and energy consumption unit

consumption unit is expected to be achieved by increasing
the number of N700S trains.

6. Conclusions

The Tokaido Shinkansen train was strategically designed
as a distributed traction system over 50 years ago. The engi-
neers at the time envisioned that new technologies, such as
the power electronics can enhance the performance of the
train. Following their prospects, the Tokaido Shinkansen
train has been evolving by adopting the latest technologies
to meet its mission which is the mass transportation artery in
Japan.

The PWM converter/inverter system with induction motor
drive and regenerative brake in Series 300 was an epoch—
making technology, which influenced the high—speed trains
in Japan and overseas. The conversion system with blower-
less cooling introduced in Series N700 expanded the design
potential for further compactness and weight reduction.

Based on these accumulated technologies, the SiC—applied
traction system was developed to pursue further weight re-
duction and compactness. The merits of the SiC device were
effectively utilized by combining the conversion system with
blowerless cooling system and six—pole induction motors.
The width of the conversion system of N700S was reduced
to a half, and the axial length of the six—pole traction motor
was reduced by 10%, when compared with the conventional
values of the Series N700. The total weight of the traction
system was reduced by 20%.

This weight reduction and compactness expanded the flex-
ibilities of designing the layout of underfloor equipment of
the Shinkansen train where a main transformer and conver-
sion system can be installed in the same car. We deployed
the Full-SiC applied conversion system, which achieved a
more significant reduction, in the car equipped with the trans-
former.
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These flexibilities enabled us to easily redesign different
configurations of trains (e.g. 8—car or 12—car trains) from
the original 16—car train, which is called as “Standardized
Shinkansen train”. By utilizing underfloor spaces released by
the lightweight and compactness of the traction system, we
further developed and introduced a novel lithium—ion battery
self—traction system for emergency such as power outages of
the catenary.

Furthermore, the weight reduction and compactness of
the traction system, which yielded the additional space and
weight, improve its positive environmental impacts, such
as energy saving. The continuous introduction of energy—
saving Shinkansen trains including N700S has promoted the
decrease in energy consumption of the Tokaido Shinkansen
train.

This innovative traction system installed in the N700S
next—generation Tokaido Shinkansen train entered commer-
cial service in the summer of 2020, and it is the first global
application of SiC devices and lithium—ion batteries to high—
speed trains’ traction systems. We hope that our development
will pave the way for applications of the latest power elec-
tronics both at home and abroad.
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