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Fuji Electric has been engaged in the development of innovative en-
ergy and environmental technologies so that it can help mitigate press-
ing worldwide issues surrounding the protection of the global environ-
ment and socially contribute to both suppliers who create energy and 
consumers who use energy. 

In the fi eld of industrial solutions introduced in this special issue, we 
have been making use of power electronics technology in our eff orts to 
harmonize environmental protection and productivity from the stand-
point of energy consumers. 

We will introduce products and systems in all fi elds related to plants 
and production facilities, including factory automation related products 
that contribute to automation, labor savings and energy savings; meas-
uring instruments and sensors that provide safety and security through 
environment visualization; and transportation system products that con-
tribute to reducing environmental burdens and facilitate the safe opera-
tion of railroads as major transportation systems. 
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Today’s Major Challenges and 
Solutions
 

Global warming and an aging population with a de-
clining birth rate are serious problems of our modern 
society that require multiple measures.  The former has 
a global and longitudinal impact, while the latter mani-
fests itself mainly in developed countries.

Global warming is caused by the emissions of green-
house gases largely attributed to industrial activities.  
This point has been almost conclusively established from 
a scientific point of view.  There are broadly two types of 
countermeasures: the reduction of carbon emissions and 
storage of greenhouse gases (carbon fixation).  These re-
quire a diversity of technologies and policies. The sooner 
the measures to reduce greenhouse gas emissions are 
implemented, the greater are their effects. These are ur-
gent tasks because the efforts to be made in the coming 
20 to 30 years would be crucial for the future.  In terms 
of energy supplies, possible solutions include the use of 
nuclear power as a base load power source and introduc-
tion of combined cycle generation for enhanced thermal 
efficiency, dispersed generation such as cogeneration and 
renewable energy such as photovoltaic and wind power 
generation.  To think of the energy demand side, mea-
sures include promotion of electrification such as mo-
torization of industrial power sources and conversion to 
electric vehicles, increase of inverter-fed motor ratio, in-
troduction of heat pumps and induction heating technol-
ogy, and enhancement of motor and converter efficiency.  
In particular, motors account for more than 50% of total 
power consumption.  Considering that inverters are not 
well diffused either in industrial or consumer use, the 
conversion is expected to have a significant effect.

The problem of the declining birthrate and aging 
population first became problematic in Japan.  It has an 
aspect of increasing the burden for social security as the 
elderly population grows, on the one hand, and diminish-
ing labor power as the working-age population decreases, 
on the other.  To address the social security burden, pos-
sible solutions include the development and diffusion of 
devices and equipment that support the elderly’s inde-
pendent daily life and reduce the load borne by person-
nel engaged in medical care and in long-term care.  The 
diminishing labor power may be countered by wide ap-
plication of automation technology to improve labor pro-

ductivity.
In process manufacturing, proportional integral (PI) 

controllers became available in the 1930s and developed 
to process automation (PA) thereafter.  At around the 
same time, classic control theory was further advanced 
to give rise to modern control theory during the 1960s.  
In the following decade, distributed control systems 
(DCSs) started a trend for conversion from analog to dig-
ital instrumentation.  In discrete manufacturing, mean-
while, the 1960s saw the rise of NC machine tools and 
industrial robots, prompting the development of factory 
automation (FA).  This further developed into design and 
manufacturing, incorporating computer-aided design 
and computer-aided manufacturing (CAD/CAM) during 
the 1980s, and simulation technology started to emerge 
based on computer-aided engineering (CAE).  These 
were all formed into computer-integrated manufactur-
ing (CIM).  In the 1970s, programmable logic controllers 
(PLCs) were developed to replace relay circuits, growing 
into key controllers for FA, which became connectible to 
industrial networks in the 1990s, realizing the capabil-
ity to connect to supervisory control and data acquisi-
tion (SCADA) systems for supervisory control.  SCADA 
made integrative management possible, at least theoreti-
cally, by connecting to manufacturing execution systems 
(MESs) for execution and planning systems such as sup-
ply chain planning (SCP) and enterprise resource plan-
ning (ERP).  The challenge to overcome when forming 
such  systems is the connectivity between devices and 
software provided by different vendors.  Industrie 4.0, 
announced in 2011, pursues standardization to address 
the issue of connectivity as part of its objectives.  Auto-
mation technology is extending its scope of application 
beyond manufacturing today; we see large-scale automa-
tion systems being introduced in logistics, pharmacy and 
dairy farming outside Japan.

Automation technology was initially adopted to re-
duce production costs, increase production and econo-
mize on human labor, but it has also brought about en-
hanced accuracy and flexibility in manufacturing.  While 
the labor population in production lines has decreased 
by 20% for the last two decades, there has been approxi-
mately a 30% increase of specialists and engineering 
experts.  One of the reasons behind these changes is con-
sidered to be the increasing demand for engineering and 
system integration for automation system installation.  

FUJIMOTO, Yasutaka *

 *   Ph.D. (Engineering), Professor, Faculty of Engineering, 
Yokohama National University

Preface



3Today’s Major Challenges and Solutions

is
su

e:
 In

du
st

ria
l S

ol
ut

io
ns

 C
on

tri
bu

tin
g 

to
 E

nv
iro

nm
en

ta
l P

ro
te

ct
io

n 
an

d 
Pr

od
uc

tiv
ity

 Im
pr

ov
em

en
t

To increase the level of overall productivity, it is crucial 
that these tasks are made more efficient and less labor-
intensive.  There is a growing interest in machine learn-
ing technology such as deep learning, but its application 
is still limited for the time being.  Vertical start-up and 
high availability are important factors to be ascertained 
in introducing an automation system, where excessive 
customization may only slow down the processes.  Simi-

larly, introducing it to small- and medium-sized enter-
prises may present major challenges.  Today, engineers 
are in short supply, and turning their skills into auto-
mated systems is necessary, but the automation cannot 
move forward without a breakthrough in technological 
advancement.  Here, haptic technology, into which re-
search is fast advancing, may offer a solution among oth-
ers.
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Current
Status and

Future 
Outlook

1.  Introduction

As comforts and conveniences of modern life 
have grown, difficult problems have been becoming 
to appear globally, including the spread of air pollu-
tion, tight supply-demand situation of energy, and 
an increase in natural disasters that is considered to 
be led by global warming.

Many countries and regions have been acceler-
ating to develop and implement growth strategies to 
further improve productivity, economic growth, and 
people’s livelihoods using latest technologies such 
as artificial intelligence (AI), the Internet of Things 
(IoT) and electric vehicles (EVs).

With energy and environment technology as 
its core technology, Fuji Electric contributes to 
the creation of responsible and sustainable soci-
eties through its four business segments: Power 
Electronics Systems, Power and New Energy, 
Electronic Devices, and Food and Beverage 
Distribution.  This paper will introduce the current 
status and future outlook of Fuji Electric’s indus-
trial solutions mainly power electronics that contrib-
ute to environmental protection and productivity. 

2.  Factory Automation Field

Investment in manufacturing equipment and 
devices for improving productivity both domesti-
cally and abroad has been flourishing.  The constant 
advances in factory automation technology have 
helped vitalize the manufacturing industry through 
the use of various products and systems.  In the 
past, industrialized nations achieved remarkable 

growth through their industrial solutions, but in 
recent years, the technological divide with regions 
such as Southeast Asia, India and China has been 
shrinking, and this has created global demand for 
the most advanced technologies. 

2.1  Drive field
In the drive field, which is represented by in-

verters*1 and rotating machines, we have enhanced 
the functionality and performance of general- 
purpose machines to be used for a more diverse 
range of applications.  We have also provided spe-
cialized machines to support major applications, 
such as those for cranes, elevators and air condi-
tioning systems.  SiC*2 devices have been actively 
put into practice and inverter technology to use the 
devices has been almost established, allowing elec-
trical equipment to achieve low loss and accurate 
control.  This has created expectation for a further 
expansion of application (Refer to “‘FRENIC-eFIT’ 
Environmentally Resistant Inverter Designed for 
Harshest Installation Conditions” on page 16). 

Fuji Electric is engaged in the electronic devices 
business, and as such, we have an advantage of be-
ing able to develop drive products characterized 
by even lower loss, smaller sizes and performance 
enhancements by consolidating technologies of our 
Device Department and Drive Department (see  
Fig. 1). 

2.2  Motion control systems field
In the motion control systems field, which is 

represented by servo systems, controllers and hu-
man machine interface (HMI) terminals, EV and IT 
devices such as smartphones have continued to rap-
idly spread, and this has brought about increased 
demand for semiconductor manufacturing equip-

TOMOTAKA, Masatsugu *   TETSUTANI, Hiroshi *   MATSUMOTO, Yasushi *   

Industrial Solutions Contributing to  
Environmental Protection and Productivity 
Improvement:  Current Status and Future Outlook

 *    Power Electronics Systems Business Group, Fuji 
Electric Co., Ltd.

*1: Inverter
An inverter is drive equipment that 

freely changes the power supply frequency of 
3-phase AC motors to control rotating speed.

*2: SiC
SiC is a compound of silicon (Si) and 

carbon (C).  It is known as a wide-gap semi-
conductor, having a band-gap between 2.2 
and 3.3 eV, depending on its polymorphic 
crystal structure (3C, 4H, 6H, etc.).  SiC is 

used for devices with high breaking voltage, 
low loss and high-temperature operation 
characteristics because it possesses physical 
characteristics that are advantageous as a 
power device, such as high dielectric break-
down voltage and high thermal conductivity.
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ment, machine tools and factory and production line 
automation technologies (see Fig. 2). 

Fuji Electric has been offering its motion control 
systems, which are characterized by the industry’s 
top control performance, to various industries.  In 
particular, in the assembly and machining fi eld, we 
have been supplying a data collection system to build 
equipment that maintains operation even when 
failures occur.  This data collection system collects 
all types of data from single-cycle production ac-
tivities to discover, without fail, causes of equipment 
abnormality and malfunction.  By combining analy-
sis and diagnosis technologies, the system helps im-
prove productivity and safety, while also reducing 
loss costs (Refer to “FA Solution That Applies IoT 
and Motion Control Technology” on page 11). 

3.  Process Automation Field

In the process automation fi eld, we have drive 
control technology, measurement and control tech-
nology, and industrial electric heating technology 
for melting furnaces and heating equipment.  We 
use them as core technologies and offer equipment 

and systems that contribute to the stable operation 
of production equipment and the reduction of energy 
specifi c unit.

3.1  Drive control fi eld
In the drive control fi eld, we have been supply-

ing high-speed drive control systems and compo-
nents for metal industries and other industries. 

We have delivered a drive control system and 
electrical equipment for rolling mills to a steel manu-
facturing company in Indonesia, which is expected 
to become the production centers for automobiles 
and home appliances.  All engineering processes 
from basic planning and design to delivery are care-
fully implemented and refl ected in our control sys-
tems to ensure the stable operation of production 
equipment.  Some of these activities include quality 
improvement through expanding use of application 
software for control, improving localized services 
through adoption of overseas partner products, pro-
vision of a system that collects data and analyze 
production equipment conditions based on time 
periods and product type, as well as strengthening 
of local customer service responsiveness for equip-
ment failure.  Figure 3 shows the system confi gura-
tion of our high-speed drive control system (Refer 
to “Latest Electrical Equipment and Drive Control 
Systems for Bar and Shape Rolling Mills Outside 
Japan” on page 29). 

In the fi eld of system equipment, we have 
newly developed the “FRENIC4400VM6” and 
“FRENIC4800VM6” as medium and high capacity 
inverters for industrial applications.  Figure 4 shows 
the external appearance of the “FRENIC4800VM6” 
that was installed at a steel and non-ferrous 

(a) General-purpose inverter (b) Low-voltage 3-phase motor

Fig.1    General-purpose inverter and low-voltage 3-phase 
motor

(a) Servo system

(b) Motion controller

Fig.2    “ALPHA7” servo system and “SPH3000D” motion 
controller
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metal manufacturer in Japan.  The units are not 
only characterized by basic improvements such 
as expanded output frequency and enhanced con-
trol functionality, but also improve ease-of-use 
through expanded user support functions.  (Refer to 
“‘FRENIC4800VM6’ Medium-Voltage High-Capacity 
Inverter with Water-Cooling System Designed to 
Meet Various User Needs” on page 21). 

3.2  Measurement and control field
In the measurement and control field, we have 

been developing our business by making use of our 
plant engineering know-how based on our advanced 
control technologies in the process automation field 
for the chemical, food and beverage, waste disposal 
and cement industries. 
(1)  Chemical industry

Competition in the chemical industry has in-
tensified due to the restructuring of large overseas 
companies and the rise in the price of raw materials.  
In this regard, it has become very important to pro-
duce low-cost, high value-added products efficiently.  
Against this backdrop, there is a need to optimize 
the unit cost of energy and the use of raw materi-
als in production, while also constructing new and 
intelligent infrastructure that is able to consolidate 
technologies. 

In order to meet these needs, Fuji Electric is 
offering energy-saving solutions and equipment ab-
normality prediction solutions in addition to the 
control technology we always offer.  In the future, 
we plan to provide more operation support functions 
such as plant simulators. 
(2)  Food and beverage industry

The food and beverage industry is a market 
characterized by more stable consumption than 
other industries.  However, it is getting harder to 
make a profit in Japan due to rising material costs 
and deflation.  Furthermore, it has become neces-
sary to implement diversified and small-quantity 
production to meet the diverse needs of individuals 
in the midst of a shrinking population.  Production 

sites are facing the urgent need of transferring 
technology to younger workers because an increas-
ing number of skilled workers are on the verge of 
their retirement age.  These diversified and small- 
quantity production and skill transfer challenges 
have to be handled while supporting complicated 
plant operations. 

Fuji Electric has been providing functions that 
smoothly support new products and product up-
grades.  In the future, we plan to continue to 
offer IT system solutions for improving produc-
tivity, while also expanding our line-up of func-
tions for supporting on-site know-how accumulation 
and operation (Refer to “Plant Operation Support 
System That Helps Transfer Skills and Improve 
Productivity” on page 25). 
(3)  Waste disposal industry

In the waste disposal industry, there has been 
an increasing need to reduce CO2 and introduce 
heat recovery equipment and other advanced equip-
ment that recover energy from the viewpoint of cre-
ating and promoting a recycling-oriented society.  
It is essential that waste disposal facilities operate 
smoothly and efficiently to continuously supply the 
outside of a plant with steam and electricity in addi-
tion to systematically dispose wastes.  Up until now, 
each plant has taken care of its own operation and 
maintenance, but it has currently become a pressing 
issue to build an IoT system for optimally monitor-
ing, analyzing and operating plants through inte-
grated data collection and management. 

As a response to these needs, Fuji Electric 
has been providing systems that integrate electric 
equipment, instrumentation and computers to eas-
ily collect data to stabilize operation.  In the future, 
we plan to offer a comprehensive support system 
that mitigates abnormalities and facilitates speedy 
recovery from abnormalities through the analysis of 
large amounts of collected data. 
(4)  Cement industry

The cement industry has been increasing its ef-
forts to make effective use of waste and by-products 
to help promote a recycling-oriented society.  In ad-
dition to control functions, the industry is also seek-
ing to reduce downtime and implement preventive 
maintenance through equipment operation manage-
ment and equipment abnormality prediction. 

Fuji Electric has supplied cement plants with 
raw material preparation control systems and kiln 
control systems.  Recently, more and more compa-
nies have centrally managed manufacturing data 
and quality data at their headquarters using com-
munication lines.  In this respect, we offer an opti-
mal plant operation system that remotely monitor-
ing these data used for operation support functions 
to predict equipment degradation and abnormality. 

Fig.4    “FRENIC4800VM6” medium and large capacity drive 
system
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3.3  Industrial electric heating field
Electric heating equipment is steadily de-

manded due to the energy saving and environment 
friendliness.  Fuji Electric has been working to 
expand the application of induction heating, suit-
able for conserving the environment and improving 
productivity.  Features also include direct heating, 
rapid heating, high temperature heating, localized 
heating, uniform heating, target temperature set-
ting, and use of clean electric energy.  We have been 
improving the equipment by electromagnetic field 
analysis and thermal analysis. 

The material processing industry uses a wide 
variety of industrial furnaces, especially combustion 
furnaces.  Induction heating technology is largely 
expected to facilitate replacing combustion furnaces 
that use fossil fuels with electric heating furnaces to 
reduce CO2. 

In steel processes such as cast forging, the en-
ergy saving of melting furnaces and heating fur-
naces effectively reduces costs, streamlines opera-
tions, and helps prevent global warming. 

Fuji Electric has been making efforts to encour-
age these measures. 

The wide frequency band of induction heating 
ranges from a commercial frequency of 50/60 Hz to 
high frequencies as high as 1 MHz.  These types of 
power supplies were developed by utilizing power 
electronics.  We have employed insulated gate bipo-
lar transistors (IGBTs*3) for the power supply of in-
duction furnaces, which had mainly used thyristor*4  
based inverters, to achieve high efficiency.  Figure 5 
shows the external appearance of a high-frequency 
crucible induction melting furnace.

4.  Environmental and Social Solutions Field

In the environmental and social solutions field, 
Fuji Electric has created innovative components 
based on its core technologies to develop product 
line-ups that contribute to various environmental 
fields of society.  We are currently systematizing 
these components and offering them for use in social 
infrastructure and industrial infrastructure applica-
tions.  We plan to apply IoT technology to the com-
ponents and add a self-diagnostic function using da-
tabase to them.  These enhancement will encourage 
us to expand our businesses in further wide range of 
fields by offering environmental monitoring, equip-
ment maintenance, and failure prediction. 

Therefore, we are making efforts to contribute 
to social and industrial infrastructure in the envi-
ronmental and social solutions field by offering our 
own unique environmental measurement solutions 
and environmental monitoring solutions. 

4.1  Marine field
In the marine field, there are urgent needs 

of measures being taken on the environmen-
tal protection through exhaust gas regulations.  
Corresponding to this backdrop, we are offering a 
world’s smallest “SOX scrubber,” which are compli-
ant with the global regulations to be enforced in 
2020, and an exhaust gas cleaning system (EGCS) 
(see Fig. 6).  The compact design of the SOX scrub-
ber makes them easy to mount inside marine ves-

(a) Furnace body (b) Power supply

Fig.5  High-frequency crucible induction melting furnace

Water
quality meter

Water quality
meter

*Under development

Pump

DrainageWater intake

Filter

Economizer

Engine

Tank

Laser type
SO2/CO2 meter*

EGCS 
controlboard

SOX

scrubber

Fig.6  SOX scrubber and exhaust gas cleaning system

*3: IGBT
IGBT stands for insulated gate bipolar 

transistor.  An IGBT is a voltage control-
type device that has a gate insulated with 
an oxide insulated film, having the same 
structure as MOSFET.  It has the strong 
points of both MOSFETs and bipolar tran-
sistors.  Its bipolar operation allows con-

ductivity modulation, and as a result, it 
achieves a high breaking voltage, low on-
resistance and switching speed sufficient for 
use with inverters. 

*4: Thyristor
A thyristor is a semiconductor switch-

ing device for circuits that convert voltage 

and frequency.  It consists of a 4-layer pnpn 
structure.  Although they are characterized 
by a high current overload capacity, they suf-
fer from high loss and require a large cur-
rent for nonconductive states. 
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sels, including new, old, and retrofi tted vessels.  It is 
sure to contribute to environmental improvements 
not only in Japan, but throughout Asian and Europe 
also (Refer to “World’s Smallest SOX Removal 
Cyclone Scrubber for Marine Vessels” on page 34). 

4.2  Road infrastructure fi eld
In the road infrastructure fi eld, we are offering 

solution systems that include tunnel ventilation sys-
tems (see Fig. 7), highway vehicle detectors and road 
remote monitoring control systems.  In particular, 
our tunnel ventilation systems, which include elec-
trostatic precipitators and jet fans for road tunnels 
have contributed to tunnel conditions all throughout 
Japan as a means of improving air quality for tun-
nels and surrounding areas.  Fuji Electric’s elec-
trostatic precipitator uses an AC electrostatic pre-
cipitator that uses a discharge plate with discharge 
lines that are less susceptible to breakage, and 
enable to remove particles larger than nanometers 
highly effi ciently.  They preserve the downstream 
walls of them from dirt to contribute to improving 
road environment. 

4.3  Radiation monitoring equipment and system fi eld
In the radiation monitoring equipment and 

system fi eld, Fuji Electric has provided radiation 
control systems that contribute to environmental 
monitoring activities related to radiation dose and 
radioactivity at nuclear power facilities, controlled 
areas and surrounding areas.  We have the longest 
history and track record in Japan as a manufac-
turer of radiation measurement equipment and sys-
tems.  These products and systems are being used 
in a wide variety of fi elds, including nuclear power 
facilities, laboratories, hospitals and universities.  

Figure 8 shows a radiation control system.  Some 
typical examples of our systems include personal 
exposure management systems that measure and 
manage external and internal exposure for work-
ers in radiation controlled areas, environmental 
radiation monitoring systems that measure and 
monitor γ -ray dose rates and dust concentrations 
in the air inside and outside of power plant sites, 
as well as radiation equipment, radiation manage-
ment systems and survey meters for power compa-
nies, hospitals and universities.  In addition, based 
on our environmental measurement experiences 
gained through reconstruction activities after earth-
quake disaster, we have newly developed several 
products including environment monitoring services 
with IoT environmental monitors, industry-leading 
high-resolution compact and lightweight spectrum 
survey meters that utilize strontium iodide as a 
scintillator*5 material, atmospheric monitors that 
continuously monitor radioactivity concentrations 
in fl oating dust particles, monitoring equipment 
used in incineration facilities for earthquake disas-
ter reconstruction to monitor radioactive material 
concentration in emission gas, and radioactive soil 
sorting equipment.  Our radiation equipment sys-
tems accurately measure radiations in real time 
to help ensure safety for people and the envi-
ronment through radiation management (Refer to 
“Radiation Management Solutions Contributing to 
Environmental Protection” on page 39). 

*5: Scintillator
A scintillator is a material charac-

terized by its ability to emit luminescence 
when excited by radiation.  It is used as an 

element for detecting radiation.  A scintilla-
tion detector is combined a scintillator with 
a photodetector such as a photomultiplier 
tube.  It converts luminescence generated by 

radiation into electric signals to output cur-
rent pulses.  Typical scintillators include a 
NaI (Tl) scintillator and CsI (Tl) scintillator. 

Exhauster
Ventilating 
tower

Corner vane

Electric precipitator

Electric room

Auxiliary
machinery room

Silencer

Fig.7  Fuji Electric’s tunnel ventilation system

Environment radiation monitoring system

Indoor and 
outdoor radiation 
monitor

Laundry monitor

Surface contamination
monitor

Personal dose 
management 
system

Monitoring 
station

Monitoring post

Drainage
monitor

WBC*

Personal
dosimeter

Exhaust sample 
rack

Exhaust 
gas monitor

Area monitor
Surface contamination

monitor

Item 
carry-out 
monitor

Computer room

Controlled area

Access control 
device

Exhaust 
pipe

Central control room

*WBC:  Internal radioactivity measurement device

Fig.8  Fuji Electric’s radiation control system
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4.4  Transport solutions field
Global urbanization is expected to continue, so 

that by 2050, the world will be two-thirds urban 
(66%), roughly reverse of the global rural-urban 
population ratio in the mid-twentieth century.(1)  In 
particular, developing countries are facing the prob-
lem of environmental destruction due to CO2 and 
NOX emission through excess traffic congestion in 
urban areas. 

Under these circumstances, railroads are at-
tracting attention as an environmentally friendly 
transportation system against the transfer of per-
sonnel and distribution of goods through air pollu-
tion control.  Comparing energy consumption per 
unit of transportation volume (passenger-km), a 
railroad only consumes about one-sixth of private 
car and about one-fourth of aircraft. 

Fuji Electric is the only manufacturer in Japan 
that can integrally supply drive systems running  
rolling stock, auxiliary power supplies for supplying 
stable electricity to rolling stock, and electrical door 
open-close systems for providing safety and security 
to passengers. It has greatly contributed to the safe, 
stable, and comfortable daily operation of environ-
mentally friendly railroad systems.

Fuji Electric’s equipment for rolling stock has 
received a high evaluation from railroad business 
operators on account of its reliability to ensure safe, 
stable, and comfortable daily operation, while it has 
contributed also maintaining and improving the 
convenience and quality of life in society.  Moreover, 
it has a rich track record of usage in all types of en-
vironments, ranging from high-temperature high-
humidity equatorial areas and deserts to subpolar 
climate regions. 
(1)  Drive systems

Drive systems for high-speed rail are indis-
pensable to operate railroad vehicles.  Their major 
components include traction transformers that step 
down high-voltage power supplied from overhead 
lines, traction converters that convert the stepped 
down power into suitable AC power according to 
speed and operation commands, and traction motors 
that generate driving force from the converted AC 
power. 

Fuji Electric has developed traction converters 
for Shinkansen (Bullet) trains in collaboration with 
the customer, Central Japan Railway Company.  
The developed traction converter uses power semi-
conductor modules that utilize silicon carbide (SiC) 
component chips (see Fig. 9).  Compared with con-
ventional Si-IGBT power semiconductor modules, 
SiC helps reduce the size of the power unit by ap-
proximately 20% while also reducing its weight by 
about 8%.  Figure 10 shows the external appearance 
of a traction converter.  Downsizing and weight sav-
ing traction converters facilitate the reduction of the 

weight of rolling stock, helping to reduce the effects 
on the environment throughout all life cycle stages 
from production to disposal.  The increased regen-
erative power (during braking operation) using SiC 
devices contributes to the protection of the environ-
ment by reducing the total driving power of rolling 
stock.  The traction converters achieved a high eval-
uation with no malfunctions after two years running 
test on commercial lines from 2015.  This was the 
world’s first running test on commercial lines for 
high-speed rail drive systems that utilize SiC mod-
ules. 

Currently, based on the results of the evalua-
tion test, we have started developing traction trans-
formers, traction converters and traction motors for 
the next-generation Shinkansen (Bullet) trains in 
pre-mass production trial as shown in Fig. 11.  In 
2018, we plan to implement another field running 
test on commercial lines with the pre-mass produc-
tion rolling stock to obtain final confirmation for the 
commercial operation.  In the future, we intend to 
release the products for commercial operation. 
(2)  Auxiliary power supplies

Auxiliary power supplies supply power to sev-
eral control devices and electric air compressors 
used for brakes to ensure the safe, stable and com-
fortable daily operation of electrical rolling stock.  

Fig.9  SiC power semiconductor module

Fig.10  Traction converter



10 FUJI ELECTRIC REVIEW vol.64 no.1 2018

They also supply power to passenger information 
displays and air conditioning systems to create a 
comfortable in-car stay for passengers. 

Fuji Electric offers a large line-up of prod-
ucts compatible with a wide range of applications:  
large-capacity auxiliary power supplies for DC roll-
ing stock operating mainly in metropolitan areas, 
standby redundant systems with improved reliabil-
ity, high-frequency linkage devices for the small-
scale rolling stock operated in new transportation 
systems, and AC rolling stock and diesel multiple-
unit equipment. 

Furthermore, we select environmentally friendly 
components.  For example, we have changed filter 
capacitors for smoothing electric power from conven-
tional oil capacitors to dry film capacitors. 
(3)  Door systems

A door system protects the safety of passengers 
with opening and closing the door in rolling stock.  
We improve safety operation of door systems to open 
and close operation of the passenger doors with 
several sensing systems to ensure smooth board-
ing and alighting even during rush hours at com-
muter trains and subways in urban areas. These en-
hancements contribute to maintaining the punctual 
schedule operation of commercial trains.

Fuji Electric door systems achieve safety door 
opening and closing operations without declining 

in function even in a failure, providing standby re-
dundant and power supply redundant door systems.  
The door system’s fault detection functions and self-
diagnosis functions enable quick detection of system 
abnormality or failure, thereby minimizing the im-
pact and facilitating repair and the investigation of 
the causes.  Inspection functions provides customer 
with equipment information to perform preven-
tive maintenance through checking the safety and 
health of other functions.  Door obstruction func-
tions decrease the departure delay of trains through 
separating the door operation of obstruction doors 
from that of non-obstruction doors with maintaining 
passenger’s safety.

On May 22, 2017, E235 Series’ Yamanote Line 
trains of East Japan Railway Company started the 
scheduled commercial operation, which is equipped 
with the door systems that employ latest electronic 
devices and obstruction sensing technology.  We 
plan to spread out this Yamanote Line products into 
rolling stock such as for subway systems and new 
transportation systems in Japan and abroad (Refer 
to “Passenger Door System for Series E235 Train 
of East Japan Railway Company (Yamanote Line) 
Designed to Improve Transportation Quality” on 
page 44). 

5.  Postscript

In this paper, we introduced the current status 
and future outlook of some of our main initiatives 
that are contributing to environmental protection 
and productivity enhancement. 

Fuji Electric, as responsible corporate citizens 
in local communities, will continue to seek harmony 
with the environment and strengthen our trust with 
communities, customers and partners. 

References
(1) “IoT Acceleration Consortium”. IoT Acceleration  

Consortium. http://www.iotac.jp/en/, (accessed 2017- 
12-14).

Fig.11  Next-generation Shinkansen (Bullet) train
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 *  Power Electronics Systems Business Group, Fuji Electric 
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1.  Introduction

In the current industrial world, there has been a 
rapid trend toward industrial transformation as seen 
in Industrie 4.0 in Germany and the Industrial Inter-
net Consortium (IIC) in the United States as well as 
the establishment of the IoT Acceleration Consortium(1) 
in Japan.  In this way, a movement toward smart man-
ufacturing is being invigorated globally.

The backdrop to this situation is an accelerating 
development of technologies such as the Internet of 
Things (IoT), big data analysis and artificial intelli-
gence (AI).  While interest is significantly growing in 
the manufacturing industry, it is faced with new issues 
including how these technologies can be specifically 
utilized to lead to improvement of productivity and cre-
ation of added value.

As case examples of solutions to these issues, this 
paper presents a quality traceability solution for pro-
cessing lines that makes use of the IoT technologies 
owned by Fuji Electric and describes the FA solutions 
based on the motion control technology with control 
performance that is among the highest in the industry.

2.      Quality Traceability Solution for Automobile 
Manufacturing Assembly Lines

2.1  Background
The automobile industry is continuously growing 

on a global scale.  Developing electric motorization and 
self-driving technology has been increasing person-
hours for development, leading to frequent quality is-
sues and labor shortages in Japan and overseas.  To 
address these issues, productivity need to be further 

FUJIKAWA, Yasutaka *   YOSHIZAKI, Hisashi *   TOYODA, Kenro *   

FA Solution That Applies IoT and Motion Control 
Technology

The rapid development of smart manufacturing technologies has created the need to further improve productiv-
ity and create and maximize added values as FA solutions for the manufacturing industry.  Fuji Electric has made 
use of IoT technologies to achieve quality traceability solutions, capable of improving productivity and reducing costs 
on automobile manufacturing assembly lines.  In addition, we have also developed a motion control technology that 
makes use of high-performance controllers for the packaging lines of food factories.  Those technologies make it pos-
sible to achieve stable sealing regardless of the packaging speed, as well as optimize control for packaging machine 
systems.

improved.  Major challenges to increase productivity 
on automobile manufacturing shop floors are to elimi-
nate defects and reduce costs.  As shown in Table 1, 
there is an urgent need to meet requirements such as 
quality improvement to eliminate defects and the re-
duction of lead time to deal with defects.

To meet these requirements, an enormous amount 
of data is collected for production, operation, quality 
and maintenance.  However, it is difficult for users 
themselves to effectively use and analyze the data, 
which results in an overflow of information that is not 
effectively utilized.  Table 2 shows examples of the 
challenges to handle such big data.

To resolve those issues, Fuji Electric’s quality 
traceability solution for assembly lines is equipped 
with functions of data collection during processing of 
individual products, data collection premised on data 
analysis and data maintenance that can be conducted 
by the user to contribute to the user’s productivity im-
provement.

Table 1    Requirements for resolving challenges in automobile 
manufacturing shop floors

Item Requirement

Requirement 
for eliminat-
ing defects

Quality improvement by grasping conditions 
of non-defective products and clarification of 
defect-generation mechanism

Management of change points of 4 M’s (man, 
machine, material, method)

Requirement 
for reducing 
costs

Reduction of person-hours for daily checks, 
maintenance and quality checks

Reduction of short stops and stops due to sud-
den failure

Improvement of tooling life

Reduction of lead time to problem-solving
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2.2  Overview of solution
Figure 1 shows the quality traceability solution 

offered by Fuji Electric.  It is composed of a databases 
server unit to accumulate these data and a data col-
lection unit connecting manufacturing facilities and 
sensors via communication I/Os to collects raw data.  
It can collect necessary data specifi ed by the user at re-
quired timings and easily trace the accumulated data 
by searching.
(1)  Data collection unit

(a)  Data collection function
Data collection unit collects data for one cycle 

(a cycle from the start to completion of processing 
of a target work piece) from computer numerical 
control (CNC) machines, programmable logic con-
trollers (PLCs) and pressure, vibration and various 
other sensors in processing lines.  It then combines 
the collected data into one package for each cycle as 
shown in Fig. 2.

The amount of collected data of this system, col-
lecting necessary data at required timings, can be 
less than that of a system continuously collecting 

data.  As a result, the trouble of data identifi cation 
and processing for analysis is decreased, leading to a 
signifi cant reduction in the burden on the user. 
(b)  Camera-server linking function

To control change points of 4 M’s, namely man, 
machine, material and method, there is a need to 
have centralized control of videos shot using cam-
eras together with analog data such as vibration 
and current.  However, cameras are mainly con-
trolled by a system for cameras, which is different 
from the control system for analog data collected 
from sensors, and this did not allow centralized con-
trol, posing an issue.

This solution provides a system of monitoring 
events on the shop fl oor while synchronizing re-
corded video image and changes in analog data as 
shown in Fig. 3.  This system links data collection 
devices with a camera server.
(c)  Engineering tool

An engineering tool is intended for system mas-

Table 2  Major issues with handling big data

Issue Details

Identifi -
cation of 
necessary 
data

Data are collected in all time periods including pro-
cessing, wait and maintenance, which increase the 
data to an enormous amount as they are accumu-
lated, and makes searching for the necessary data 
time-consuming.

Process-
ing of 
collected 
data

Methods of data utilization are often not clear and 
the formats and collection cycles of data are not 
standardized.  Accordingly, data processing is re-
quired for analysis and processing the enormous 
amount of data accumulated imposes a heavy bur-
den on the user.

Selec-
tion of 
collected 
data

To select the data collected, it is necessary to add 
data to or delete data from the collection device by 
trial and error.  However, doing this is not easy and 
having the manufacturer carry it out incurs high 
costs.
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Fig.1  Overview of quality traceability solution
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Fig.2  Image of data collection function
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processing
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Fig.3  Sample screen of camera-server linking function
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ter maintenance and data addition and deletion.  
This solution utilizes an engineering tool based on 
Excel*1, which is outlined in Fig. 4.  With the en-
gineering tool prepared on a PC for maintenance, 
users defi ne item names, data types and storage 
addresses of data collected and register them in a 
given folder in the collection devices.  This tool al-
lows user to easily add and modify data to be col-
lected.

(2)  Server unit
(a) Traceability search function

Information on manufacturing facility operation 
is closely related to product quality information.  Ac-
cordingly, when a problem occurs in the production 
line, users often check the operation information 
and quality information at the same time.  How-
ever, searching for information was time-consuming 
because quality information is classifi ed by product, 
whereas operation information, by facility.  This 
solution offers a system that allows users to search 
either by operation or facility, which reduces the 
information search workload on them.
(b)  Data summary function

It requires a long time to trace factors of abnor-
mality from an enormous amount of data accumu-
lated.  This solution uses a server application to de-
tect abnormalities with measured values exceeding 
the maintenance threshold and the maximum, mini-
mum and average values of measurement items to 
display on the traceability search screen.  This helps 
reduce the data check workload of the user.

2.3  Development of “MICREX-OnePack” equipment infor-
mation collection system
To reduce the size and price of the data collection 

unit, Fuji Electric has been developing the “MICREX-
OnePack” equipment information collection system 
that integrates the functions described in Section 2.2.  
As compared with the conventional collection unit of 

Fuji Electric, the volume is reduced by 95%.  Table 3 
shows outline specifi cations, and Fig. 5 shows the ex-
ternal appearance.

3.  Packaging Machine Control by Motion Control 
Technology

3.1  Background
In the Asia region including China and India, de-

mand for food is rising along with the population in-
crease, and this trend has led to greater demand for 
machines for packaging food.  In this region, package 
machine manufacturers are working on improving 
package performance per unit time, for instance, 
switching from a mechanical to a servo system.

3.2  Control of vertical packaging machines
(1)  System confi guration of vertical packaging ma-

chines
Figure 6 shows a basic system confi guration of a 

vertical packaging machine.  A vertical packaging ma-
chine uses a fi lm feeding mechanism to vertically feed 
packaging fi lm from the top downward.  It then mainly 
uses gravity to insert package content into a bag of 
fi lm and seals the opening of the bag using a heated 
sealer mechanism.

Collection devices

Linked with host server

Server

PC for
 maintenance

Registered in
 given folder

Database

Item name

Motor 
current

Axis 
vibration

Analog

Pump 
pressure

Type

ms

Unit

Numerical

Data type

A4340

Address

....

Analog ms Numerical A4341 ....

Analog ms Numerical A4342 ....

....

Fig.4  Overview of engineering tool

Table 3  Outline specifi cations of “MICREX-OnePack”

Item Outline specifi cations

Power supply Single-phase 100 to 240 V AC

Dimensions 
(mm)

W275 × D130 × T90
(Volume reduced by 95% from conventional 
products)

IO AI*1 × 16 ch, DI*2 × 1 ch, DO*3 × 1 ch

Communica-
tion

Ethernet 100 Mbits/s 2 ch 
(host device, equipment)
Ethernet 1 Gbits/s 1 ch (display)
General-purpose communication 
(RS-232C 1 ch/422 2 ch/485 1 ch) 
Total 4-ch expansion port

Built-in 
protocol Mitsubishi PLC, FOCAS II

Data storage Supports SDHC standard cards (32 GB)

*1: AI:  Analog input
*2: DI:   Digital input
*3: DO:  Digital output

130

90

275

(Unit:  mm)

Fig.5  “MICREX-OnePack”

*1:   Excel:  Trademark or registered trademark of Microsoft 
Corporation
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manufacturer in India has signifi cantly improved the 
packaging speed compared with conventional systems.

3.3      Motion control function blocks and “SPH3000D”
(1)  Motion control function blocks

Fuji Electric has developed function blocks (FBs) 
for the SPH Series and offered them mainly in the Asia 
region so that many customers can use the control pro-
grams as described earlier.  Table 4 shows motion con-
trol FBs.
(2)  SPH3000D

The latest CPU module of the SPH Series is 
equipped with FBs as system instructions, and this 
makes it possible to control a servo system without 
adding a special CPU for motion control.  Figure 9 

(2)  Issue with conventional control method
Figure 7 outlines the conventional control method.  

The fi lm feeding axis motor and sealer axis motor are 
position-controlled generally by trapezoidal accelera-
tion and deceleration, and the rotational speeds of the 
respective axes are determined by the ratio accord-
ing to the packaging speed.  Increasing the packaging 
speed increases the collision speed of the sealer mecha-
nism, causing a larger impact.  For that reason, the 
vibration of the entire machine hindered stable quality 
sealing.
(3)  Application of motion control

Figure 8 shows an example of packaging machine 
control that uses Fuji Electric’s “SPH Series” PLC and 
“ALPHA5” servo systems.

In this motion control, the rotational speed of the 
sealer axis for sealing the fi lm is maintained at a con-
stant level, and the speeds in other sections are varied 
to change the packaging speed, and this has stabilized 
sealing regardless of the packaging speed.

By introducing this control, a packaging machine 

Insertion 
unit of 
package 
content

Packaging 
film

Film feeding 
mechanism

Sealer 
mechanism

Motion controller

Motion 
network

Package content

Insertion 
axis of 

package content
Servo

Film feeding 
axis

Sealer axis

Fig.6    System confi guration of vertical pillow packaging ma-
chine

Packaging speed 
setting

Servo
amplifier

Motor for film
feeding axis

Film 
feeding
mechan-
ism

Collision speed of sealer mechanism increases as 
packaging speed increases

Sealer 
mechan-
ism

Film

Encoder

M
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Servo
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Fig.7  Overview of conventional control method
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(1) Sealing start 
position

(2) Sealing completion 
position

(a) Operation of sealer axis 
     motor and sealer

(b) Operation pattern with 
     varying packaging speed

Fig.8  Overview of motion control

Table 4  List of motion control FBs

No. FB name Control details

1 VM00_VM
FB for virtual axis for synchronization 
control and external PG forecasting 
calculation

2 VM01_PTP FB for general positioning (point-to-
point control)

3 VM02_INTP FB for 2-axis linear interpolation and 
2-axis circular interpolation control

4 VM03_PSYNC FB for ratio synchronization control

5 VM04_RSYNC
FB for synchronization control on rota-
tional section
Applied mainly to rotary shear control

6 VM05_FSYNC
FB for synchronization control on re-
ciprocating section
Applied mainly to fl ying shear control

7 VM06_CAM FB for operation control on electronic 
cam

8 VM07_CAMPTN FB for creating operation patterns of 
electronic cam

9 VM08_VEL FB for speed control

10 VM09_TRQ FB for torque control
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sizes.
(b)  Of the data memory area, the size of the high-

speed area has been increased from 32 Kwords 
of the conventional models to 229 Kwords.  Table 
5 outlines the specifications of SPH3000D.

As a result, motion control executes at twice the 
speed of conventional models(2), which contributes to 
enhancing the performance of packaging machines.

4.  Postscript

This paper has described FA solutions based on the 
IoT technology and motion control technology.  These 
technologies, which are expected to further advance 
in the future, will make the needs of the manufactur-
ing industry even more sophisticated and complicated.  
We intend to further develop our current approaches to 
create more added value and meet the needs of users.

References
(1) “IoT Acceleration Consortium”. IoT Acceleration  

Consortium. http: / /www.iotac.jp/en/, (accessed 2017-
12-14).

(2) Fukushima, K. et al. “MICREX-SX Series” Motion 
Controller “SPH3000D”. FUJI ELECTRIC REVIEW. 
2016, vol.62, no.4, p.280-282.

shows the external appearance of SPH3000D.
Conventionally, motion control FBs needed to 

be registered in the library as user FBs before being 
used.  SPH3000D is equipped with the FBs as system 
instructions, which eliminates the need for registra-
tion and allows the user to easily build motion control 
systems.

In addition, the following improvements have been 
made with the SPH3000D to have faster control speed 
than that of conventional products.

(a)  Program codes for motion control FBs have been 
made in the C language to minimize program 

Table 5  Outline specifications of “SPH3000D”

Type NP1PU-048EZM NP1PU-096EZM NP1PU-128EZM NP1PU-256EZM

Execution control system Stored program, cyclic scanning system (default task), periodic task, event task

I/O connection system Direct connection I/O (SX bus)
Remote I/O (DeviceNet, OPCN-1 and other remote I/O links) 

I /O control system
SX bus:  Tact synchronization refresh

Remote I/O link:  Refresh at fixed intervals by remote master (not synchronized with scan)

CPU 32-bit RISC processor

Programming language
IEC 61131-3 compliant
Instruction List, Structured Text, Ladder Diagram, Function Block Diagram, Sequential  
Function Chart

Instruction 
execution 
speed

Sequence instruction 9 ns or more/instruction

Applied instruction 8 ns or more/instruction

No. of I /O points 8,192 (points)

User memory 545 (Kwords) 1,409 (Kwords) 1,473 (Kwords) 2,753 (Kwords)

Program memory
98,304 (words) 196,608 (words) 262,144 (words) 524,288 (words)

49,152 (steps) 98,304 (steps) 131,072 (steps) 262,144 (steps)

Data memory
(High-speed space)

459,776 (words) 1,246,208 (words) 1,246,208 (words) 2,294,784 (words)

229,376 (words) 229,376 (words) 229,376 (words) 229,376 (words)

Fig.9  “SPH3000D”
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1.  Introduction

Recently, inverters have come to be used in vari-
ous fi elds from the perspective of energy saving and 
productivity improvement, which has created an un-
precedented need for use in harsh environments such 
as in a corrosive gas atmosphere and outdoors without 
being installed in a controlboard.  To allow use in these 
environments and conditions, they need to adopt a fan-
less totally-enclosed structure to protect semiconduc-
tor devices and electronic components from corrosive 
gases and other adverse atmosphere.  There are also 
many needs for using large-capacity equipment (up to 
37 kW) in harsh environments as described above.  For 
achieving a fanless totally-enclosed structure, thermal 
issues beyond those with conventional inverters must 
be resolved.  Fuji Electric has developed the “FRENIC-

YOSHIDA, Toshihiro *   TAKUBO, Hiromu⁑   SATO, Keisuke⁑   

“FRENIC-eFIT” Environmentally Resistant Inverter 
Designed for Harshest Installation Conditions

Inverters have been increasingly used in various industrial fi elds and are sometimes required to endure harsh 
environmental conditions without being installed in a controlboard.  Fuji Electric has developed the “FRENIC-eFIT” 
as an environmentally resistant inverter especially designed for harsh installation conditions.  In addition to protect-
ing electronic components with a totally-enclosed enclosure that adopts a fanless cooling system, the unit has also 
eliminated thermal issues by utilizing SiC devices, which have characteristics of low-loss and heat resistance.  Fur-
thermore, we have applied our developed elemental technologies to mitigate high-speed switching noise while utiliz-
ing the technological know-how and fi eld test results of Fuji Electric products to improve environmental resistance 
reliability.

eFIT” as an environmentally resistant inverter that re-
solves thermal issues and can be installed in harsh en-
vironments by using silicon carbide (SiC) devices char-
acterized by low loss and heat resistance (see Fig. 1).

This paper describes the SiC device application 
technology, reliability improvement technology in 
terms of weather and corrosion resistance and heat 
dissipation design technology of the FRENIC-eFIT.

2.  SiC Device Application Technology

SiC devices feature high-speed switching in addi-
tion to the low loss characteristics (see Fig. 2).  High-

Fig.1  “FRENIC-eFIT” (37 kW/400 V)

−40%

(a) Loss of 37-kW/400-V inverters

(b) Turn-on switching waveform

IGBT All-SiC

IGBT

(%)

100

80

60

40

20

0

ID = 300-A module 100% rated current

VDS:  200 V/div

ID:  100 A/div

VDS:  200 V/div

ID:  100 A/div

t :  200 ns/divt :  200 ns/div

All-SiC

Fig.2  Loss and turn-on switching waveforms
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speed switching means that more noise is generated, 
which poses a major issue with their application.  
Table 1 shows the major specifications of the FRENIC-
eFIT.  The FRENIC-eFIT uses a sealed metal housing 
to improve environmental resistance so that it may 
also be used outdoors.  This housing is also capable of 
magnetic shielding that allows the inverter to gener-
ate less radiation noise than general-purpose invert-
ers with silicon insulated gate bipolar transistors 
(Si-IGBTs) mounted in an open housing (see Fig. 3(1)).  
In terms of the degree of protection based on the IEC 
Standard, the FRENIC-eFIT has the degree of protec-
tion of a totally-enclosed type enclosure (IP55), while 
conventional general-purpose inverters are open type 
(IP00) with no dustproof or waterproof properties. 

3.  Reliability Improvement Technology in 
Weather and Corrosion Resistance

European manufacturers’ inverters with improved 
environmental resistance have catalogs and instruc-
tion manuals that indicate environmental parameters 
specified in the IEC Standard (IEC 60721-3-4:  Clas-
sification of environmental conditions) to attract users’ 
attention to the environmental conditions for installa-
tion.  The FRENIC-eFIT is required to be installed in 
industrial areas subject to emission of chemical con-
taminants with the environmental parameter specified 
in the IEC Standard of 4C4, due to the categories of 

business selected based on marketing and their factory 
environment.  Accordingly, in addition to the 4 cor-
rosive gases shown in Fig. 4, we determined environ-
mental factors required in general industrial environ-
ment such as insolation, salt damage and oil.  We then 
established evaluation items, content and judgment 
criteria by referring to the results of basic experiments 
with test pieces, environmental data gathered in field 
tests of sample units in cooperation with users, and 
Fuji Electric’s expertise about products to be installed 
in harsh environments, such as vending machines, 
outdoor controlboards, power conditioning systems for 
photovoltaic power generation, and rolling stock equip-
ment.  Figure 5 shows an example of a UV degradation 
test on coated sheet metal by using a sunshine carbon 
arc tester and the judgment criteria established.

With established evaluation items, content and 

Table 1    Major specifications of “FRENIC-eFIT”

Item Detail

Device adopted All-SiC module

Installation environ-
ment

Conforms to environmental parameters 
by IEC Standard

Indoors and outdoors
Ambient tempera-
ture 50 °C (no output reduction)

Maintenance Design life of 10 years

Degree of protection IP55 (IEC 60529)

Cooling system Natural cooling (fanless)

Dimensions (mm) W680 × D375 × H845

“FRENIC-eFIT” environmental resistant 
inverter (All-SiC)

General-purpose inverter (IGBT)
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Fig.3  Radiation noise comparison (37 kW/400 V)
*Environmental parameter 4C4   

Quoted from IEC (outdoors)

Corrosive gas

Sulfur dioxide 4.8

Hydrogen sulfide 9.9

Chlorine 0.2

Nitrogen oxide 5.2

Average 
value  (ppm)*

Fig.4  Corrosive gases selected and mixed gas corrosion tester

Candidate coating film (1)
Candidate coating film (2)
Candidate coating film (3)

Target remaining thickness ≥ 50%

Equivalent to 
target design life 
of 10 years

Test piece 
(coated sheet 
metal)

Degraded layer 20%
Crack layer 20%
Sound layer 10%

(a) Sunshine carbon arc tester

(b) Judgment criteria established
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Fig.5    UV degradation tester for coated sheet metal and judg-
ment criteria
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judgment criteria, we concurrently evaluated and 
quantitatively judged resistance to corrosive gases, 
weather and oil, which has allowed us to ensure un-
precedented reliability of 10-year design life in terms 
of weather resistance and corrosion resistance.

4.  Heat Dissipation Design Technology

Figure 6 shows the main circuit wiring and built-in 
peripheral devices of the FRENIC-eFIT.  To eliminate 
the FRENIC-eFIT from using a controlboard, the hous-
ing must have fanless sealed structure while contain-
ing peripheral devices, such as an electromagnetic 
compatibility filter and direct current (DC) reactor.  
This may cause generation of more heat in the hous-
ing than general-purpose inverters, and hence tem-
perature rises, which poses an issue of heat dissipa-
tion design.  Heat dissipation design is necessary that 
prevents excessive temperature rise caused by the heat 
due to the power dissipation of devices in the housing.

Employment of SiC devices significantly decreases 
the generated loss.  We release part of the power dis-
sipation to outside of the housing by heat conduction 
through the cooling fins to adjust the overall tempera-
ture.  First, we turned our attention to the SiC devices 
and power supply board, then the DC reactor, having 
the next high power dissipation, and electrolytic ca-
pacitors in the main circuit, which is easily affected by 
heat.  We applied a layout that maximizes the contact 
area to increase heat transfer from these components 
to the cooling fins and fixed them by using a thermal 
conducting sheet (see Fig. 7).

We conducted heat simulation before and after 
taking this measure (see Fig. 8).  One finding is that 
this measure alone could not limit the temperature of 
the board-mounted components to the specified tem-
perature.  The main cause was confirmed to be con-
vection of the air heated by the DC reactor moving to 
the board side.  As the most effective measure to deal 
with this, we considered use of a cooling fan for agi-
tating inside the housing to homogenize and decrease 
the temperature in the housing.  However, providing a 
cooling fan, which is a limited-life part, does not allow 
the product to be maintenance-free.  Accordingly, to 
eliminate a cooling fan for agitation, we fitted a parti-
tion for shielding to prevent the air heated by the DC 
reactor from moving to the board side.  However, it 
was confirmed by thermal simulation that completely 

partitioning compartments on the board and the main 
circuit component sides hampered convection arising 
from temperature difference and caused temperature 
unevenness in the housing.  Therefore, we facilitated 
heat conduction by guiding the air heated by the DC 
reactor to the upper surface of the sheet metal while 
leaving the convection route.  Finally, we successfully 
reduced the temperature rise of each component by ap-
proximately 18% and the temperature rise in the hous-
ing by approximately 8% to achieve a fanless sealed 
structure.

5.  Specifications and Characteristics of 
“FRENIC-eFIT”

We decided as the first step of development to ac-
tively seek widespread use of the product for fan and 
pump equipment to build up a track record.  As the 
second step, to apply it to process lines, which are im-
portant equipment, while further improving reliabil-
ity.  Accordingly, we equip the product with control 
functions of general-purpose inverters mainly with 
driving of fans and pumps in the first step and with 
control functions of high-performance inverters in the 
next step.  These functions are built as a platform so 
that they can be achieved by replacing the control and 

EMC 
filter

DC 
reactor

All-SiC 
module

M

Fig.6  Main circuit wiring and built-in peripheral devices

Power supply board

Sealed 
housing

SiC 
device

DC reactor

Cooling fins

Electrolytic 
capacitor

Partition

Thermal 
conducting 
sheet

(a) Before taking measure (b) After taking measure

Fig.7  Image of heat dissipation path (right side cross-section)

High

Low

Tempera-
tureHousing DC reactor

Electrolytic capacitor

Power supply 
board

SiC 
device

(a) Perspective view (b) Right side view

Fig.8  Thermal simulation (after taking measure)
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to protect it from the effect of electronic jamming while 
ensuring environmental resistance.  By mounting this 
Bluetooth-enabled touch panel, users can remotely 
operate following features via a mobile device to meet 
their needs:  editing and reading of function codes; 
monitoring of inverter information; real-time trace of 
the current, voltage and torque; and energy effi ciency 
diagnosis. 
(3)  Installation structure

For outdoor installation of a controlboard that 
houses a general-purpose inverter and peripheral 
devices, standard works involve concrete casting for 
foundation and fi xation of the controlboard using an-
chor bolts, which requires high costs and a long period 
of works and places a heavy burden on users.  The 
FRENIC-eFIT is equipped with functions equivalent 
to or higher than those of this outdoor controlboard de-
spite signifi cant volume reduction to approximately a 
quarter.  It can thus be mounted on a wall of an exist-
ing structure (see Fig. 12).  In addition to the mounting 
feet provided as standard equipment, various options 
of installation method such as an adapter for wall 
mounting have been made available and the costs can 
be reduced by 70% and the work period by 60% for in-
stallation.

The inverter can be mounted near the motor with-
out having to care about the installation environment, 
which allows shorter output wiring and reduced wir-
ing costs.  Furthermore, reduction of motor surge and 
noise can be expected, eliminating the need for a surge 
fi lter and other measures against noise.  This is an-
other factor that eases the burden on users.  Since the 

power supply board (see Fig. 9).
FRENIC-eFIT assumes standalone installation 

outdoors or in harsh environments and has the follow-
ing 3 features:
(1)  Customized logic function

The customized logic function is provided to al-
low users to individually customize functions (see Fig. 
10).  Control functions required for individual users’ 
machinery and applications can be built by combining 
various arithmetic functions in the inverter without 
using an external circuit composed of a simple pro-
grammable logic controller, external relays and timers.  
The number of programming steps is up to 200 and a 
programming tool that uses intuitive logic symbols and 
does not require any special development environment 
is available for free from Fuji Electric’s website.
(2)  Bluetooth*1-enabled touch panel

A remote-controlled Bluetooth-enabled touch panel 
(scheduled for release in FY2018) can be optionally 
selected and stored (see Fig. 11).  The FRENIC-eFIT 
has a metal housing with a sealed structure that is 
partially open in the touch panel section.  It is made 
waterproof with a special fi lm and packing and addi-
tionally protected by using an acrylic decorative cover 

Control and 
power supply 
board

Fig.9  Internal structure of “FRENIC-eFIT” (front door open)

(b) Conventional inverter(a) “FRENIC-eFIT”

PLC

MotorControl equipment

○Number of models managed by 
   customer increased

Case 1:  Standard product + 
external control equipment

Case 2:  Inverter with 
special specifications

Low cost

Space-
saving

High 
reliability

Models 
consolidated

Inventory 
reduced

○Only part of PLC 
functions used

○Controlboard, 
design and wiring 
required

○Equipment and 
wiring increased 
and reliability 
degraded

○Maintenance work 
increased

Standard inverter 
provides special functions 
suited for customers’ 
machinery and applications.

Fig.10  Customized logic function

*1:   Bluetooth:  Trademark or registered trademark of Blue-
tooth SIG, Inc.

Bluetooth

Mobile 
device

Bluetooth-enabled 
touch panel “FRENIC-eFIT”

Fig.11  Remote-controlled Bluetooth-enabled touch panel

(a) Example of outdoor 
      installation

(b) Mounting on 
      steel beam

(c) Wall mounting

Adapter for wall mounting

Fig.12  Installation image
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dards for the Americas and RoHS regulations*2.  Start-
ing in FY2018, we will acquire certifications in order 
(see Fig. 13).

7.  Postscript

For employment of SiC devices for inverter prod-
ucts, we started with development of differentiating 
products that make use of the characteristics of SiC 
devices and acquired various types of knowledge.  We 
intend to seek capacity increase using multiple SiC de-
vices in parallel and build these applied technologies 
as a platform to apply to general-purpose models and 
other power electronics equipment.

References
(1) Tamate, M. et al. Electromagnetic Noise Simulation 

Technology for Power Electronics Equipment. FUJI 
ELECTRIC REVIEW. 2016, vol.62, no.1, p.37-41.

inverter can be installed near the motor, an operator 
can control the discharge rate with the inverter while 
checking the flow meter of the pump equipment, which 
has brought out comments from a user that it is very 
user-friendly in a field test.

6.  Conformity to Overseas Standards

Fuji Electric plans to enter into a global market 
with the FRENIC-eFIT, which conforms to European 
functional safety standards, CE marking, UL Stan-

*2:   RoHS Regulations:  Regulations of the European Union 
(EU) concerning restrictions on the use of certain haz-
ardous substances in electrical and electronic equipment.

*To be acquired in FY2018 or later

Conformity to RoHS regulations with standard 
equipment

■�	Conformity to international 
    standards (UL and CE)

Acquisition of global standard 
certifications scheduled*

Functional safety standards:  Conformity to STO and 
SIL3 with standard equipment*

Fig.13  Overseas standard certifications acquired
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1.  Introduction

In recent years, the streamlining and consolidating 
old equipment has been undertaken as a measure to 
improve overall plant productivity and reduce down-
time.  When replacing high-capacity inverters used as 
major equipment in plants, customers place a heavy 
emphasis on products that incorporate advanced con-
trol function and fulfilling user support tools. 

In order to meet these user requirements, Fuji  
Electric has recently developed the “FRENIC4800VM6”  
as a high-capacity inverter system for plants that inher-
its and advanced the features of the “FRENIC4800VM5”  
released in 2011. 

In this paper, we will introduce the “FRENIC4800 
VM6” medium-voltage high-capacity inverter with  
water-cooling system as a system that enhances con-
trol functions and improves user support functions. 

MIYASHITA, Tsutomu *   NAKAMURA, Yosuke *   IWAMOTO, Kazuyuki *   

“FRENIC4800VM6” Medium-Voltage High-Capacity Inverter 
with Water-Cooling System Designed to Meet Various User Needs

When revamping high-capacity inverters used as major equipment in plants, customers place a heavy emphasis 
on products that incorporate advanced control function and fulfilling user support tools.  The “FRENIC4800VM6” me-
dium-voltage high-capacity inverter with water-cooling system was designed to enhance plant control function and ex-
pand output frequency over previous products to achieve better productivity and yield for a wide range of high-quality 
products.  Furthermore, featuring a large programmable operation display and renovated user support functions such 
as a loader function, the inverter helps users reduce the amount of sophisticated and labor-intensive maintenance 
work, while also contributing to the overall stability of plant operations.

2.  Overview of “FRENIC4800VM6”

Figure 1 shows the product line-up of Fuji Electric’s 
plant inverters.  The line-up covers a wide range of ca-
pacities from 10 to 26,000 kVA and 3 types of output 
voltages suitable for different application fields. 

The high-end model FRENIC4800VM6 is a medium- 
voltage high-capacity inverter with water-cooling sys-
tem.  It can be used to drive electric motors for large 
steel and non-ferrous rolling mills, large blowers, 
pumps and wind tunnel testing equipment.  The 
FRENIC4800VM6 is designed to enhance plant control 
functions and expand output frequency over its prede-
cessor FRENIC4800VM5 to help increase productivity 
and yield of diversified, high-quality products.  Fur-
thermore, the unit features a large programmable op-
eration display and renewed loader system that helps 
cut down on sophisticated and labor-intensive main-
tenance work, while also contributing to the overall 
stability of plant operations.  Figure 2 shows the ex-
ternal appearance of the FRENIC4800VM6 panel, and  

Series name

FRENIC4000VM5 5,400

900

8,000

26,000

Vector control inverter for plants 400

FRENIC4000FM5 V/f control inverter for plants 400

FRENIC4400VM6 High-capacity vector control inverter 800

FRENIC4800VM6 Medium-voltage high-capacity vector 
control inverter with water-cooling system 3,300

10 100 1,000 10,000
Feature Output 

voltage (V)
Capacity range (kVA)

Fig.1  Plant inverter product line-up
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Table 1, the electrical specifications. 

3.  Control Function Improvement

3.1  Output frequency expansion
Power loss increases in proportion with increased 

switching frequency in the insulated gate bipolar 
transistor (IGBT) modules with high breaking volt-
age used in the FRENIC4800, and thus the maximum 
inverter output frequency for the FRENIC4800VM5 
was limited to 15 Hz.  In contrast to this limitation, the 
FRENIC4800VM6 has been able to reduce the switch-
ing frequency by utilizing synchronous pulse width 
modulation (PWM) control that synchronizes the car-
rier phase and output voltage phase, thus enabling it 
to expand maximum output frequency to an industry-
best 100 Hz without reducing inverter capacity. 

Figure 3 shows differences in line voltage depend-
ing on inverter output frequency.  Inverter output 
frequencies above 15 Hz enter the synchronous PWM 
region.  In the synchronous PWM region, the number 
of switching operations is reduced to ensure that the 
maximum switching frequency is not exceeded. 

Moreover, by utilizing synchronous PWM control 
until reaching the overmodulation region, we were able 
to increase inverter output voltage to 3.3 kV from 3.1 
kV of the previous product.  As a result, single unit 
capacity is expanded to 6.6 MVA from 6.2 MVA of the 
previous product without changing panel dimensions.  
The dimensions of the panel for a single unit converter 

and inverter configuration that excludes the water 
cooling system are W2,800 × D1,650 × H2,400 (mm), 
which are the same as the previous product(1).

3.2  Plant control function improvement
The FRENIC4800VM6 optionally comes with a 

PROFIBUS*1 communications card for communicat-
ing between drive systems.  Furthermore, it employs 
PROFIdrive*2 communications format, and it can not 
only communicate with Fuji Electric drive systems, 
but can also relatively easily communicate with the  
PROFIdrive compatible drive systems of other compa-
nies.  Up until now, the complex functions needed for 
drive control were integrated into the higher-level pro-
grammable controller (PLC) that connects to the drive 
system.  By equipping the FRENIC4800VM6 with 
these complex functions, it is now possible to achieve 
fast, high-precision control without needing to go  
through a higher-level PLC because direct plant con-
trol can be performed for the drive systems. 

Figure 4 shows an system configuration example 
for controlling drive systems in a plant (free tension 
control system).  It suppresses the tension that is gen-
erated in rolled materials between rolling mills ar-
ranged in tandem.  Generally, during tandem rolling, 
in which simultaneous rolling is performed by 2 rolling 
mills, irregularities in the shape of products may occur 
if tension is generated in the rolled materials due to a 
difference in the peripheral speed of the 2 rolling mills.  
Therefore, rolling mill control is needed to suppress the 
tension that is generated in the rolled materials. 

In the example in Fig. 4, the FRENIC4800VM6 
drives the vertical rolling mill.  It directly receives val-
ues of rotational speed and torque detection from the 
drive system of the horizontal rolling mill via FIBUS.  
The FRENIC4800VM6 uses these values and the roll-
ing load, which is received as an analog input from the 
load cells, to correct the rotational speed of the vertical 
rolling mill in order to suppress tension in the rolled 
materials.  Here, higher-level PLCs only transmit the 

Fig.2  External appearance of “FRENIC4800VM6” panel

Table 1  Electric specifications of “FRENIC4800VM6” 

Item Specification

Configuration (mul-
tiplex)

Single 
unit 2 units 3 units 4 units

Converter capacity 
(MW) 6.0 12.0 18.0 24.0

Inverter capacity 
(MVA) 6.6 13.2 19.8 26.4

Voltage Input 3.1 kV 3 φ 50/60 Hz, output 3.3 kV

Overload capacity 150% 1 minute

Drive motor Induction machine, synchronous machine

+Ed

+Ed/2

−Ed/2

−Ed

+Ed

+Ed/2

−Ed/2

−Ed

Inverter output frequency (Hz)

Asyn-
chronous Synchronous

0 15 100

Fig.3  Line voltage difference by inverter output frequency

*1:   PROFIBUS:  Trademark or registered trademark of 
PROFIBUS User Organization

*2:   PROFIdrive:  Trademark or registered trademark of 
PROFIBUS User Organization
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line speed setting values to the 2 drive systems, and do 
not take part in tensionless control. 

On the other hand, when implementing free ten-
sion control with a higher-level PLC instead of the 
FRENIC4800VM6, the PLC receives required control 
data from the drive systems of both the vertical roll-
ing mill and horizontal rolling mill, and then transmits 
rotational speed correction values calculated based 
on this data to the drive systems.  In this case, since 
it takes an extra time to communicate between the 
higher-level PLC and drive systems, control responses 
are slower than when implementing tensionless con-
trol with the FRENIC4800VM6.  Consequently, the 
drive systems cannot be quickly suppress tension in 
rolled materials. 

3.3  CI link and converter control transmission enhance-
ment
Although the higher-level PLC could directly con-

nect with the inverter via a PROFIBUS transmission 
cable in the predecessor FRENIC4800VM5, it could not 
directly connect with the converter.  Therefore, con-
verter information needed to be sent to the inverter us-
ing an optical transmission cable between the inverter 
and converter (CI link) so that it could be transmitted 
to the higher-level PLC via the inverter.  However, the 
CI link does not have the enough transmission capac-
ity to transmit to the inverter from the converter, and 
any additional needed information would have to be 
sent via a separate signal line by a hardwire or other 
means. 

Figure 5 shows the system configuration for the 
FRENIC4800VM6.  Using the FRENIC4800VM6, di-
rect connection can be made between a higher-level 

PLC and converter via a transmission cable, thus mak-
ing it possible for the higher-level PLC to receive de-
tailed information from the converter.  As a result, the 
hardwire is no longer needed, thereby contributing to 
maintenance labor savings as well. 

4.  User Support Function Expansion

4.1  Large programmable operation display
This inverter is provided with an operation touch 

panels located on the panel surface to operate con-
verter and inverter functions, such as configuration, 
operation, monitoring and maintenance can be per-
formed from the operation touch panels located on the 
panel surface.  The previous FRENIC4800VM5 was 
equipped with a small operation touch panel with a 
4-digit LED monitor and a LCD monitor that could dis-
play a maximum of five 13-character lines.  In contrast 
to this touch panel, the FRENIC4800VM6 comes with 
8.4-inch programmable operation displays that greatly 
improve visibility and operability.  The larger display 
makes it possible to display detailed information that 
was not possible with the previous small touch panel, 
thus providing an intuitive user interface that helps 
user reduce reliance on the instruction manual.  The 
system comes with 2 programmable operation displays, 
namely, one for the inverter and one for the converter. 

The use of the large programmable operation dis-
play has improved functionality compare to the previ-
ous display, while also enabling newly added function-
ality (screens) as follows: 
(1)  Monitor screen

Users can display various commands and detection 
values in real time on simple control block diagrams 
for the inverter and converter.  This makes it possible 
to check the operation state of the inverter and con-
verter at a glance and perform tasks such as operation 
start and stop and parameter change.  Maintenance in-
formation such as operation time and limited-life part 
usage status can also be displayed on the same screen.  

PLC PLC

M
~

M
~

PG

Drive system 
inter-device 

communication
(PROFIBUS)

Free tension
control

application

ASR

Speed
setpoint

Output of free
tension control

ACR

Vertical
rolling mill

Horizontal
rolling mill

Rolled material

Current
actual 
value

Speed
actual value

Horizontal 
rolling mill 
drive system

(FRENIC4800VM6)

AI

Speed
actual 
value,
torque
actual 
value,
etc.

Rolling
direction

PG Rolling load

Tension

Load cell

Load cell

Vertical rolling mill drive system
(FRENIC4800VM6)

Fig.4    Configuration example of drive-system-based plant con-
trol system

Control device

Converter

Control device

PLC

M

Inverter

Fig.5  “FRENIC4800VM6” system configuration
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monitored simultaneously via network connection re-
gardless of physical distance.  The features of the 1:N 
loader are as follows: 
(1)  Monitoring function

It is possible to centrally monitor the operation and 
failure states of all connected inverters. 
(2)  Comparison function

The loader can be used to compare configured pa-
rameters for each connected inverter. 
(3)  Management function

It is possible to collectively store (manage) infor-
mation (settings, failure history, traces) stored inside 
connected inverters. 

Since the 1:N loader inherits all the functional-
ity of the 1:1 loader, while also enabling simultaneous 
connection to multiple inverters, it can significantly 
reduce the amount of labor spent on user maintenance 
work. 

5.  Postscript

In this paper, we introduced the “FRENIC4800VM6”  
medium-voltage high-capacity inverter with water-
cooling system as a system that significantly improves 
control performance and user support functionality 
over previous models.  Fuji Electric will continue to 
work to further enhance the functionality of this high-
end plant inverter system so that it can be utilized in a 
broader range of fields.

References
(1) Mokutani, M. et al. “FRENIC4800VM5,” a Water-

Cooled High Capacity, High Voltage Inverter. FUJI 
ELECTRIC REVIEW. 2012, vol.58, no.4, p.165-169.

Figure 6 shows the monitor screen for the inverter. 
(2)  Failure history screen

While the previous FRENIC4800VM5 has the abil-
ity to display the history of 40 failures (cause and date 
of the failure), the FRENIC4800VM6 expands the his-
tory to 100 failures, thus enabling users to reference 
past events over a longer time line.  Operators can see 
failure details, causes and countermeasure suggestions 
by touching the button located on the screen. 
(3)  Trip data screen

It can record and display internal data (control 
data) at the time of failure, the failure conditions can 
be checked immediately without using a computer or 
data collection device. 
(4)  Document file display function

The large operation touch panel makes it possible 
to display various documents such as the inverter’s 
instruction manual and control block diagrams, thus 
supporting paperless maintenance work. 

4.2  Loader system renewal
It is not unusual for hundreds of inverters to be 

installed in large-scale plant facilities.  During main-
tenance work, a PC loader is needed to monitor the 
status of all the inverters.  However, since a conven-
tional PC loader can only be connected to one inverter 
at a time (1:1 loader), maintenance work requires a lot 
of labor and time when there are many inverters to 
check, thus placing a heavy burden on users.  Inverter 
data management is also troublesome. 

Our recently developed PC loader can conduct 
maintenance of more than one inverter at a time (1:N 
loader) with the network configuration shown in Fig. 7. 

By using Ethernet*3 to connect the 1:N loader 
with inverters, multiple inverters can be operated and 

Fig.6  Monitor screen (inverter side)

1:N loader

Router

Equipment 1

･ ･ ･

Equipment N

･ ･ ･

Fig.7  Network configuration for 1:N loader

*3:   Ethernet:  Trademark or registered trademark of Fuji 
Xerox Co., Ltd.
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1.  Introduction

Fuji Electric has a history of about 60 years for 
measuring equipment and released its first distributed 
control system (DCS) in 1975.  Up to now, Fuji Electric  
has offered a variety of solutions in order to meet chal-
lenges and demands of customers in plant operation.  
However, challenges and demands are changing with 
the times, and major challenges of today are skills 
transfer and productivity improvement.

2.  Challenges in Plant Operation

2.1  Challenges in skills transfer
Before plant operation was automated, operators 

had a full grasp of the characteristics of the plant and 
conditions of devices and operated them manually.  
This operation is assumed to have caused many prob-
lems and errors.  Meanwhile, operators were naturally 
given opportunities to learn the know-how, and control 
skills relevant to the plant and skills related to plant 
operation had been transferred in day-to-day opera-
tion.

For plant operation, monitoring and control has be-
come systematized by means of PCs and programma-
ble logic controllers (PLCs) along with the development 
of microcomputers, which has brought about remark-
able advancement in automation.  Monitoring and 
control systems are now built as a matter of course, 
and automatic control has come to be applied to a high 
level.  This has led to a reduction in the problems that 
occur on site but also reduced opportunities and expe-
rience to acquire plant-related knowledge such as un-
steady states and the plant characteristics that caused 

YOSHIKAWA, Yuzuru *   WATANABE, Daisuke *   INOUE, Akio *   

Plant Operation Support System That Helps Transfer 
Skills and Improve Productivity

In industrial plant operations, major challenges involve transferring skills and improving productivity.  To help 
solve these two tasks, Fuji Electric has decided to redesign its previously developed plant support system to match 
current monitoring control systems.  As a result, The monitoring control system of target facilities can be connected 
through a general-purpose interface to support operation.  This development also makes it possible to share personal 
operator skills and to standardize operator knowledge and a skill level, helping users to transfer skills.  Moreover, 
standardizing operating procedures and operation that are independent on operators improves productivity.

the phenomena.
The challenge of skills transfer has been continu-

ously discussed and 40 years have passed in the mean-
time.  From now on, there is a concern that a shortage 
of skilled operators will get worse as seen in retire-
ment of the baby boom generation.

2.2  Challenges in productivity improvement
One factor that poses a major challenge in produc-

tivity improvement is an environment of plant opera-
tion.

In plant operation, visualization on site and data 
linking have made progress along with the dissemina-
tion of information systems such as introduction of a 
manufacturing execution system (MES), on-site use of 
tablet PCs and upward linking of site data using bar 
codes and IC tags.  While productivity has improved to 
enable a small number of people to handle plant opera-
tion, the scope of work per operator has expanded and 
operation has become more complicated and sophisti-
cated.

More efforts are required to deal with labor short-
ages due to the aging population combined with the 
diminishing number of children, reduction of working 
hours and improvement of productivity.

To meet the 2 major challenges mentioned above, 
Fuji Electric has decided to develop an operation sup-
port system by redesigning the one developed in the 
past to match current monitoring control systems.

3.  Overview of Development of Plant Operation 
Support System

3.1  Purpose of system introduction
There is a need to provide a plant operation mech-

anism and operating environment to allow skills trans-
fer and productivity improvement.  Achieving skills 
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transfer requires the sharing of operation skills that 
depend on the individuals and standardization of ope-
rators’ know-how and skill levels.  Productivity can 
be improved by establishing and standardizing proce-
dures and operations independent of the operators.  By 
realizing these mechanisms with the system, the fol-
lowing 4 effects can be expected.

(a)  Resolution of difference in competence between 
skilled and novice operators

(b)  Transfer of operation know-how
(c)  Equalization of quality by breaking away from 

dependence on individuals
(d)  Reduction of waste and excessive burden in ope-

ration

3.2  Concept of system development
Even if we build a system that resolves challenges 

in plant operation, it is not easy to apply the system 
to the other sites and allow it to be used on site for a 
long time unless we consider construction characteris-
tics and operability.  To meet this challenge, we have 
developed the present system, adopting the concepts 
of ease of system construction and versatility for plant 
operation.  Based on this concept, Fuji Electric has de-
veloped a new plant operation support system on the 
basis of existing one developed in 2005.

This system employs the OPC interface, which is 
an open interface, to connect with Fuji Electric’s previ-
ous generation systems and different series products, 
as well as other manufacturers’ systems.  The plant op-
eration support function, which depended on the model 
in the past, is now available regardless of the model 
used.

Figure 1 shows the system confi guration of the 
plant operation support system.  Introducing this sys-
tem makes the following possible.

(a)  Creating operation fl ow diagram from operation 
procedure defi ned by a user

(b)  Tracing of operation procedure and operation 
notifi cation by guidance

(c)  Recording of steps and alarms during operation

4.  Functions of Plant Operation Support System

This chapter describes the functions implemented 
in the system to support plant operation.

4.1  Creating operation fl ow diagram from operation proce-
dure defi ned by a user
The system provides the following functions for 

creating a fl ow diagram for the plant operation support 
system from an operation procedure.
(1)  Structure of operation fl ow diagram

An operation fl ow diagram is composed of process 
parts to execute operation management or processing 
and condition parts to transition to the next task.  The 
process and condition parts are designed to create eas-
ily by using provided components.  An operation fl ow 
diagram makes it possible to involve 2 layers of parent 
and child fl ows.
(2)  Creation and editing functions

To create a new operation fl ow diagram, a fl ow 
diagram can be prepared and components dragged and 
dropped out of the component lists corresponding re-
spectively to the process and condition parts (see Fig. 
2).  The editing function is provided for actions such as 
moving a selected group of components and copying, 
which is useful for iterative processing.
(3)  Tag linking

To defi ne tags for the process and condition parts, 
they can be selected out of the list of tags provided by 
the operation support system.  To link tags via a versa-

Information LAN

Plant operation 
instructions

Plant 
operation 
data

Control LAN

Operator
station

Control system controllers

....

OPC server

Operation support (engineering)
Component pallet Operation flow 

edited offline

System to support 
plant operation

Parent flow sheet

Operation flow (business flow)

Child flow
sheet

Edit

Alarm
activation

Link

Advanced 
settings window

Operation support (operation mode)
Operation flow (business flow)

Monitor
window

Operator
notification message

Advanced 
settings window

XOS XOS XDS

Fig.1  System confi guration
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tile interface, tags of a target system can be imported 
using the comma-separated value (CSV) format with-
out linking the database of a specific system.

Tags and comments used in such plant operation 
support systems are typically not easy for operators to 
understand.  To solve this problem, we make it possi-
ble to separately define the tags to be displayed on the 
plant operation support system.
(4)  Tag search

If a large number of system tags are imported, se-
lecting out of the list of tags is difficult.  Accordingly, a 
function is implemented to allow the creator to narrow 
down tags to be defined by using tags and comments.

4.2  Tracing of operation procedure and operation notifica-
tion by guidance

(1)  Monitoring function
When switching the operation flow diagram to the 

online mode, an operator can monitor the progress of a 
process by detecting a signal change in linked systems 
and migrate conditions (see Fig. 3).

(2)  Guidance function
The guidance function, which notifies an operator 

of operation instructions according to the change of the 
state of a signal sent from linked systems, includes the 
following 3 types:

(a)  Comment notification using a pop-up window
(b)  Notification to prompt the operator to make a 

judgment and input the result of the judgment
(c)  Audible guidance notification

(3)  Operation and commissioning modes
There are 2 online modes:  operation and commis-

sioning.  Operation mode is used in actual operation.  
In commissioning mode, message notifications are 
given to confirm output timing in a target monitoring 
control system, but actual instruction signals are not 
output.  It can verify whether operation flows perform 
as intended by the creator, in actual plant operation.

4.3  Recording of operations and alarms during operation
(1)  Recording function

The operation and alarm history shown in Fig. 4 
records the history of the operation of operators and 
the results of system processing.  This recording func-
tion can help review past operation history to improve 
and revise operation procedures.  The operation and 
alarm history information can also be output in CSV 
format, which allows easy analysis of operation proce-
dures using general-purpose tools.
(2)  Search function

Operators can search operation and alarm history 
with following conditions:

(a)  Search period
(b)  Operation flow name
(c)  Tag and comment

Any problem that occurs during operation can be 
investigated efficiently by using occurrence period and 
a keyword to extract the operation and alarm history 
managed in lower systems.

5.  Case Example

We have delivered this system to a certain fac-
tory.  It is applied to 2 monitoring control systems:  a 
system delivered by Fuji Electric and another system 

Drag & drop

Fig.2  Example of operation flow screen

Information
LAN

Control LAN

Operator 
station

Control system 
controllers

Site data

On-site equipment

....

OPC server

Plant operation 
support system

XOS XDS

Fig.3  Example of operation and commissioning mode screen

Fig.4  Example of operation and alarm history screen
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follows for systems that employ the Internet of Things 
(IoT) technology:

(a)  Functions that support high-mix, low-volume 
production plants

(b)  Linking function for tablets and other mobile 
information devices

(c)  Management function for operation history and 
result data

7.  Postscript

This paper has described a system to support 
plant operation that contributes to skills transfer and 
productivity improvement.  Many packages related to 
operation support are on the market.  Accordingly, we 
focused on future extensibility in the present develop-
ment and designed a structure that allows easy addi-
tion of any new function developed to the existing ones.  
For additional development in the future, we intend to 
further improve and enhance the functions to provide 
customers with systems that are even easier to use.

delivered by another company.  Monitoring control is 
already carried out in these systems.  Fuji Electric has 
built a operation support system to integrate 2 differ-
ent systems via the respective OPC servers.  Figure 5 
shows the operation support system that we have de-
livered.

6.  Functional Enhancement for Future

Fuji Electric plans to further enhance functions as 

Fig.5  Plant operation support system that has been delivered
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1.  Introduction

A joint venture of a Japanese steel company and 
an Indonesian company constructed a combined mill*1 
plant in Indonesia, which is capable of manufacturing 
bar and shape steel products in one line.  Fuji Electric 
has delivered electrical equipment and a drive control 
system for rolling mills to that plant.

What is always required of bar and shape steel 
rolling mills is stable operation, that is, automatic op-
eration with less down time, high-efficiency operation 
and automatic operation with the minimum labor re-
quired Such operation needs a capacity to process large 
volumes of information and high-speed control to im-
prove productivity as well as highly accurate process-
ing to increase yield.  To meet this needs, Fuji Electric 
provided a drive control system mainly comprised of 
inverters and controllers to process large volumes of 
information in accurate and high-speed manner and 
interlinked them with high precision via a network in-
cluding a high speed field bus.

Data such as control values of the individual drive 
units, positions of machines and behavior of detection 
targets are constantly collected by “f(s)NISDAS” high-
speed data collection and analysis support system to 
help analyze operation conditions and control states 
promptly.  In addition, a remote support system is 
constructed to grasp the conditions on site from Fuji  
Electric in Japan, a remote location, via the Internet.

OGAI, Fumikazu *   KAWAGUCHI, Teppei *   

Latest Electrical Equipment and Drive Control Systems 
for Bar and Shape Rolling Mills Outside Japan

Bar and shape steel rolling mills are constantly required of stable operations.  Thus the equipment needs high in-
formation processing capability and high speed control to improve productivity, as well as highly accurate processing 
to increase yield.  Fuji Electric has delivered electrical equipment and drive control systems for use in the rolling mills 
of combined mill plants outside Japan.  To achieve high productivity and stable operations, its control systems, mainly 
comprise inverters and controllers, are interlinked with high precision via high-speed networks.  Moreover, to provide 
timely support from Japan, remote maintenance support systems are installed in the systems to continuously collect 
and inspect operating and control data. 

2.  Overview of Rolling Mill

A rolling mill is equipment that heats billet mate-
rials (rectangular bars of steel) and rolls them using 
a combined mill to make them into bar or shape steel 
products.  Major facilities include a furnace, 18 contin-
uous rolling mill stands, crop and dividing shears, cool-
ing bed, straighteners, cold shear and finishing facility.

Products made by this equipment are mainly con-
struction materials and various types of products can 
be manufactured such as deformed bar steel (in 12 
sizes), round bar steel (in 8 sizes), L-shaped steel (in 
15 sizes), channel steel (in 5 sizes) and flat steel (in 
19 sizes).  Figure 1 shows an overall view of the rolling 
mills.

3.  Electrical Equipment and Drive Control Sys-
tem for Rolling Mills

In order to achieve high-productivity operation 
that satisfies the specifications required by the cus-

Fig.1  Overall view of rolling mills

*1:   Combined mill:  A shared rolling mill capable of rolling 
various types of bar and shape steel by using different 
combinations of rolling stands and rollers in one rolling 
mill.
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tomer, we have built electrical equipment including 
about 500 motors (total output of 26 MW), 14 trans-
formers and 42 operation panels and a drive control 
system composed of 105 sets of inverters and 7 control-
lers.

3.1  Motors
As the main mill motors for rolling mills, we con-

solidated about 20 inverter-driven induction motors 
into 4 sets of specifications for delivery.  Table 1 shows 
the number of the delivered main mill motors by appli-
cation and capacity.

(a)  Applicable standard
JEC-2137-2000

(b)  Cooling system
700- to 1,100-kW motor:  IC416 (frame surface 

cooled with independent component)
1,500-kW motor:  IC666 (with motor-mounted 

independent heat exchanger using surrounding me-
dium)

Figure 2 shows an appearance of a representative 
700-kW main mill motor.  The 900-kW and 1,100-kW 
models have the same appearance.

3.2  Drive unit
We have provided inverters for industrial plants 

with the DC intermediate circuit using a common 
power supply.  Two types of inverters are used accord-
ing to the capacity:  “FRENIC4400VM5R” with an 
800-V AC output 3-level IGBT inverter (see Fig. 3) and 
“FRENIC4000VM5R” with a 400-V AC output IGBT 
inverter (see Fig. 4).

(1)  Features of inverters for industrial plants
A DC intermediate circuit system using a common 

power supply, receiving and sending powering*2 energy 
and regenerative energy through a DC common bus, 
contributes to high-efficiency operation of plants.

For the converters of rolling mills, we have intro-
duced 12-phase rectification diode converters to reduce 
harmonics on the power supply side.

To improve maintainability, the equipment is de-
signed to allow all maintenance to be done from the 
front side of the panel.  A touch panel with an LCD dis-
play is provided on the front side, facilitating monitor-
ing and maintenance operations.

Support tools provided include analog output for 
charting, a PC loader and a high-speed data collection 
system.
(2)  “FRENIC4400VM5R” 3-level IGBT inverter

This 800-V AC common power supply inverter sup-
presses harmonics and torque pulsation via 3-level 
PWM control and reduces adverse effects on the motor 
and machinery.  The special specifications for this ap-
plication are described as follows.

*2:   Powering:  A state in which power of the motor is trans-
mitted to the load

Table 1  Number of motors delivered for each rolling area

Motor rating 
Base  
Top

700 kW
1,000 min–1

2,000 min–1

900 kW
900 min–1

1,800 min–1

1,100 kW
900 min–1

1,800 min–1

1,500 kW
750 min–1

1,500 min–1

Rough roll-
ing 4 units 1 unit 1 unit –

Intermedi-
ate rolling 2 units 1 unit 2 units 1 unit

Finish roll-
ing – 1 unit 4 units 3 units

Fig.2  Appearance of 700-kW main mill motor

Fig.3  “FRENIC4400VM5R”

Fig.4  “FRENIC4000VM5R”
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(a)  Parameter switching function
For this application, combination stands are 

provided that switch between 2 types of motors us-
ing one rolling stand.  The conventional configura-
tion includes one inverter for one main mill motor.  
However, for this application, a configuration using 
one inverter for switching and driving between 2 
motors with different specifications has been em-
ployed to streamline the system and save labor for 
maintenance.  To achieve this, we have expanded 
the setting range so that control parameters for 2 
types of motors can be set in the inverter so that the 
product can be operated by switching between pa-
rameters.
(b)  Driving of shear using the “FRENIC4400VM5R”

Conventionally, 400-V AC inverters were gener-
ally used to drive auxiliary motors.  The configura-
tion for this application includes 800-V AC invert-
ers to drive crop shears for cutting the leading and 
following ends of the steel material and dividing 
shears for cutting the steel material into a fixed 
length, which need relatively large motor output.  
These inverters are connected to the DC interme-
diate common power supply for driving the rolling 
mill.  This not only decreases the output current but 
also reduces the number and capacity of converters 
as a whole, resulting in reduced cabling and panel 
space saving.  The crop and dividing shears employ 
a newly developed small-capacity (650 kVA) in-
verter, which has the optimal capacity for the equip-
ment.

(3)  “FRENIC4000VM5R” stacking low-voltage IGBT 
inverter

This is a 400-V AC common power supply inverter, 
and models of 300 kVA or smaller, applying a plug-in 
mounting unit system, can incorporate up to 12 units 
per panel.  Units with different capacities and vector 
control and V/F control modes can be stored together, 
which achieves space saving useful for applications 
with many small-capacity inverters for plants.

The cooling design uses a common fan on the ceil-
ing for each panel, instead of providing a cooling fan 
for each unit.  This reduces the number of fans, which 
are consumable replacement parts, contributing to less 
maintenance work.
(4)  Measures against harmonic leakage current

To control the harmonic DC current leakage result-
ing from IGBT device switching and prevent electro-
lytic corrosion of the motor bearings and mechanical 
bearings coupled with the motors, we have taken the 
following measures based on the JIS Standard.

(a)  The variable-speed drive system employs the IT 
system, which has high-voltage and low-voltage 
transformers for input and insulates the system 
from the ground.

(b)  The transmission system also uses the IT sys-
tem.

(c)  The power cable connecting the inverters and 

motors has both ends of the shield grounded, 
and a motor frame ground is provided on the 
inverter side.  This results in a configuration 
with star-shaped equipotential bonding between 
devices on the secondary side of the high-voltage 
and low-voltage transformers.

3.3  Drive control system
(1)  System configuration

Figure 5 shows the system configuration of this 
application.  This system employs the “MICREX-SX 
SPH3000MG,” Fuji Electric’s latest controller equipped 
with the “SX-Net” high-speed network and the “E-
SX bus” high-speed, large-capacity control network 
for high-precision control of the rolling mills, which 
require high-speed operation.  We have built a sys-
tem that accommodates a wide range of scales and 
needs from machine control systems to rolling control 
systems by synchronizing multiple controllers and 
successfully improved productivity.  We have also in-
tegrated f(s)NISDAS, a PDA system for collecting op-
eration and control data at high speed.  This provides a 
capability to monitor the operation and control states.  
Furthermore, in order to provide prompt support from 
a site in Japan, we have integrated a remote mainte-
nance support system to allow data and control pro-
grams to be monitored remotely.
(2)  Control equipment

(a)  “E-SX bus” high-speed, large-capacity field bus
The E-SX bus is a high-speed, large-capacity 

field bus with the performance of the conventional 
SX-bus significantly improved.  Data output timing 
in the E-SX bus can be synchronized, allowing high-
precision control.  Table 2 shows a performance com-

....

VPN
router

Third
party

system

RS-485
MODBUS

PROFIBUS-DP

E-SX bus/
SX bus

E-SX bus/
SX bus

(WAN) HMI

L2 system

PLC 1
Mill master

Gigabit
Ethernet

SX-Net

Local operation 
panel

Local operation
screen

PDA client

PDA server

Mill inverter

PLC 2
Auxiliary PLC n

HMI/L2
interface

Aux. inverter

Fig.5  System configuration
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With plant control systems, the volumes of plant 
data are increasing along with improvements in pro-
duction efficiency and visualization of operation.  Ac-
cordingly, control networks are required to offer high-
speed and large-capacity features more than ever.  To 
improve manufacturing quality, it is preferable to have 
distributed controllers synchronized for control.

The control system of this plant is composed of 7 
units of the MICREX-SX SPH3000MG and 3 HMI ter-
minals.  These devices are connected via the control 
network and tens to hundreds of inverters and sensors 
are connected with individual controllers via the field 
bus.  Use of the MICREX-SX SPH3000MG and SX-Net 
not only allows high-speed, large-capacity communica-
tion between controllers but also achieves synchronous 
control between controllers, which was difficult in the 
past.  In addition, the SX-Net uses a common memory 
system, making it easier for the individual controllers 
to reference memory in the network.  In this way, by 
using the MICREX-SX SPH3000MG and SX-Net, the 
speed and capacity of the control network can be in-
creased and the accuracy of the plant control system 
can be improved by synchronizing between controllers.

Throughput from the detection of steel material 
to be rolled to issuance of an instruction to an in-
verter has been improved by using the MICREX-SX 
SPH3000MG and high-speed I/O modules and invert-
ers compatible with the SX bus.  This has successfully 
enhanced the precision of control functions we have of-
fered so far, including impact speed drop suppression 
and minimum tension control, to improve the rolling 
quality.
(2)  Remote maintenance support

For new construction projects outside Japan, re-
mote maintenance support is essential for improving 
productivity to perform centralized management of 
control information covering the entire plant and pro-
vision of prompt support from Japan.  Accordingly, 
in addition to collecting data from controllers and 
HMI devices, f(s)NISDAS can  collect data from drive 
units by linking the “plusFSITE” data communication 
module in this plant.  In this way, we have achieved 
centralized management of control information cover-
ing the entire plant by integrating the plant control 
information in an operating device equipped with  
f(s)NISDAS.  In addition, a client-server system pro-
tects the control network from suffering adverse effects 
caused by access from Japan to the plant in Indonesia, 
increasing the support efficiency of the remote mainte-
nance.

3.5  Other equipment
(1)  Transformers

For the main transformers, we have adopted a zig-
zag connection for the primary winding to reduce har-
monics on the power supply side and achieve 24-phase 
rectification together with rectification by the diode 
converters.  This has successfully reduced harmonics 

parison between the E-SX bus and SX bus.
(b)  “SX-Net” high-speed, large-capacity control net-

work
The SX-Net is a high-speed, large-capacity con-

trol network based on gigabit Ethernet*3 and can 
be synchronized with the E-SX bus at ±80 µs.  This 
has enabled synchronous control between control-
lers, which was difficult in the past, leading to the 
achievement of more precise plant control.  The ma-
jor specifications are as follows:

(i)  Maximum number of stations connected:  126
(ii)    Transmission method:  common memory, mes-

sage
(iii)  Minimum network cycle:  500 µs
(iv)  Common memory data area:  128 Kwords

(c)  “f(s)NISDAS” high-speed data collection and 
analysis support system

The f(s)NISDAS is a data collection system for 
high-speed collection of internal data of controllers 
and inverters.  It is capable of collecting at high speed  
1 Kwords/ms, helping the user to visualize the opera-
tion of large-scale and complicated systems.  Figure 6 
shows an application example of f(s)NISDAS.

3.4  Plant control
(1)  High-speed, high-precision control with the  

“MICREX-SX SPH3000MG”

Table 2    Performance comparison between SX bus and E-SX 
bus

Item SX bus E-SX bus

Compared 
with con-
ventional 
products

No. of I /O points 8,192 points 65,536 points 8 times

Transmission 
speed 25 Mbits/s 100 Mbits/s 4 times

Refresh cycle 500 µs min. 250 µs min. 2 times

Tact accuracy 100 µs 1 µs max. 100 times 
higher speed

Synchronization 
in bus Not provided Provided 

(±1 µs max.) –

....

SX-Net

Controller 1
SPH3000MG

Controller n
SPH3000MM

Prompt adjustment support 
and troubleshooting provided 
by making use of collected 
data

f(s)NISDAS
f(s)NISDAS screen

Ethernet

Inverter
for plant

Fig.6  Application example of “f(s)NISDAS”

*3:   Ethernet:  Trademark or registered trademark of Fuji 
Xerox Co., Ltd.
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4.  Postscript

This paper has described the latest electrical 
equipment and drive control system for bar and shape 
rolling mills outside Japan.  In addition to those men-
tioned in this paper, technologies for devices and 
equipment offered by Fuji Electric are developing on 
a daily basis and evolving rapidly.  Furthermore, with 
opportunities to deliver electrical equipment for roll-
ing mills overseas expected to increase even more, we 
intend to further work on reinforcing remote mainte-
nance support.

generated on the power supply side.
As the auxiliary transformers, we have delivered 

oil-immersed transformers of FUJI TUSCO Co., Ltd. of 
Thailand (total capacity:  12,300 kVA).
(2)  Controlboards 

The local operation panels, individual protection 
panels for group-driven motors, distribution switch-
panels and motor control center (MCC) have been 
designed and manufactured in Southeast Asia with 
adequate quality management provided from Japan.  
This has ensured a quality equivalent to that of manu-
facturing sites in Japan and proven to be a new op-
tion in Fuji Electric’s engineering for steel industry in 
Southeast Asia.
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1.  Introduction

The exhaust gas of diesel engines used as the main 
and auxiliary engines of marine vessels contains large 
amounts of sulfur oxides (SOX), nitrogen oxides (NOX) 
and particulate matter (PM), which has become a 
worldwide problem from the perspective of protecting 
the atmospheric environment.  The International Mar-
itime Organization (IMO) made the “revised Annex VI 
of MARPOL 73/78”(1) effective in 2008.  It stipulates 
that low-sulfur fuel oils be used or exhaust gas clean-
ing systems (EGCS) approved by the administration 
of a flag state as an equivalent measure be installed to 
reduce SOX and PM in exhaust gas.(2)  Figure 1 shows 
the schedule for emission control.  Up to now, the up-
per limit to the sulfur concentration in fuels was speci-
fied only for emission control areas (ECAs) such as the 

AOKI, Yukio *   TOYOZUMI, Hiroyuki *   TAKAHASHI, Kuniyuki⁑   

World’s Smallest SOX Removal Cyclone Scrubber for 
Marine Vessels

The exhaust gas of marine vessels contains a high concentration of sulfur oxide (SOX), which from the view-
point of protecting the environment, has become a worldwide problem.  Most SOX scrubbers that desulfurize exhaust 
gas are large in size, and there has been increasing demand for more compact ones.  In this respect, cyclone types 
have the advantage of being smaller in size, but their desulfurization performance in general is inferior to other types 
of scrubbers.  Fuji Electric has developed the world’s smallest cyclone SOX scrubber with high level desulfurization 
performance and has demonstrated that the scrubber is capable of being used in emission control areas through field 
tests on ships.  Downsizing a SOX scrubber will facilitate its prevalence, allowing low-priced high-sulfur fuel oil to be 
used continuously.  This could contribute to reducing the operating cost of shipping companies that support interna-
tional logistics.

North American ECA and North Sea ECA but, starting 
in 2020, the regulations will be tightened for general 
waters as well.  Accordingly, from 2020 on, all ships 
will be required to use fuel oils that conform to the reg-
ulations or install EGCS.

EGCS has been put to practical use on the initia-
tive of Europe and the United States, located adjacent 
to ECAs, and their major equipment is a wet scrubber 
that uses alkaline water to absorb SOX in the exhaust 
gas (commonly known as a SOX scrubber).  However, 
existing SOX scrubbers are often large and not easily 
installed in the location that has severe constraints on 
layout.  This paper describes the characteristics and 
performance of the world’s smallest SOX removal cy-
clone scrubber for marine vessels.

2.  Configuration of Exhaust Gas Cleaning Sys-
tem (EGCS)

The EGCS that Fuji Electrics proposes is composed 
of a SOX scrubber for removing the sulfur component 
in exhaust gas, a gas analyzer for continuously moni-
toring the emission of SO2 and CO2 during EGCS op-
eration, and a water quality meter for monitoring the 
quality of the scrubber water.

EGCS has 2 operating modes, namely the open-
loop mode, which pumps up seawater to clean exhaust 
gas and the closed-loop mode, which cyclically uses 
seawater or purified water with an alkaline agent be-
ing added.  In general ocean areas, the open-loop mode 
is used.  As shown in the example of open-loop system 
configuration in Fig. 2, the system is simple, so that the 
investment burden and footprint can be reduced.

However, the closed-loop mode has to be employed 
in the areas where wash water discharge is prohibited.  
The closed-loop mode includes a full-closed loop op-
eration, which discharges no wash water, and a semi-

July 2010

Upper limit of sulfur content of fuel oils

Emission
control
areas

General
waters

1.5% 1.0% 0.1%

4.5% 3.5% 0.5%

2012 2015 2020*

* Timing of regulation determined in 2018
No distillate limitations, exhaust gas cleaning devices can be used

Fig.1  Schedule of enforcement of SOX and PM regulations
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closed loop operation, which discharges wash water af-
ter purification treatment such as clarification.  Figure 
3 shows an example of closed-loop system configura-
tion.  As compared with an open-loop system, a closed-
loop system includes more system components such 
as a heat exchanger and water treatment equipment, 
requiring more space on board the vessel.  In EGCS, 
the SOX scrubber, which is the main component, has 
the largest dimensions.  To maximize space on board, 
there are strong needs to reduce the size of the SOX 
scrubber.

3.  Cyclone SOX Scrubber

3.1  Conventional SOX scrubbers
Table 1 shows the treatment systems of conven-

tional SOX scrubbers that have been used in facilities 
on land.  Generally, a higher superficial velocity of 
exhaust gas allows a greater size reduction, whereas 
a lower superficial velocity provides a higher SOX re-
moval rate (desulfurization performance) of the SOX 
scrubber.  For this reason, Fuji Electric has focused its 
attention on a cyclone SOX scrubber, which achieves a 
compact size and high desulfurization performance at 
the same time and minimizes adverse effects on the 
allowable back pressure of the internal combustion 
engine.  A cyclone system generates swirling current 
in the equipment to separate gas from liquid and has 
significantly lower pressure loss than conventional 
methods such as counter flow system.  Furthermore, 
the superficial velocity can be increased to 2 to 5 times 
that of other systems, which allows for a significant 
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Wash water pump

Exhaust gas
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Diesel
engine
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tank
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Water supply

Exhaust gas
Exhaust gas
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quality meter
(supply side)
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Turbidity
PAH

Water quality meter
(discharge side)

pH
Turbidity
PAH*

SO2

CO2

Exhaust gas
analyzer

FM

Sea

Open loop:
Seawater pumped up for use while traveling in 
open sea where discharge is permitted.
System with fewer auxiliary machines and 
smaller investment burden.

*PAH:  Polycyclic aromatic hydrocarbon

Fig.2  Example of open-loop system configuration
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Fig.3  Example of closed-loop system configuration



36 FUJI ELECTRIC REVIEW vol.64 no.1 2018

size reduction.
Figure 4 shows an example structure of a cyclone 

SOX scrubber.  The exhaust gas swirls up from the bot-
tom of the cylindrical tower, and droplets sprayed radi-
ally from the spray nozzles in the tower are brought 
into contact with this gas so as to absorb the SOX in it, 
achieving neutralization.  SOX discharged from marine 
diesel engines are mostly SO2 and absorption and neu-
tralization take place as shown in Equations (1) and 
(2) by means of alkaline seawater.  In Equation (2), A 
represents an alkali metal.

SO2 + H2O →  H2SO3 .............................................(1)
H2SO3 + 2OH →  A2SO3 + 2H2O ...........................(2)

Generally, spray nozzles are installed at right 
angles to the branch pipes.  In this case, if the spray-
ing pattern of the spray nozzles is sectorial, the spray 
angle is 120 degrees at the maximum and droplets are 
never sprayed at least in the 30-degree areas toward 
the center.  In addition, the closeness of the peripheral 
wall toward the direction of the branch pipe extension 
to a spray nozzle hole causes the droplets sprayed in 
this area to travel only in a short distance.  The desul-
furization performance of the SOX scrubber depends 

on the contact area and contact time between the ex-
haust gas and droplets.  Accordingly, sufficient contact 
areas cannot be obtained if the droplets sprayed from 
the spray nozzles do not spread in a wide range.  If the 
droplet flying distances are short, sufficient contact 
time cannot be obtained.  Consequently, to improve the 
performance, the number of spray nozzles needs to be 
increased to ensure contact between the gas and drop-
lets, resulting in a large scrubber.  Furthermore, typi-
cal cyclone scrubbers in practical sizes have a SOX re-
moval rate of 90 to 95%, which is not adequate to meet 
the regulations for the ECAs.(3)

3.2  Development of cyclone SOX scrubber for marine ves-
sels
The EGCS Guidelines require the exhaust gas 

cleaning performance of a SOX scrubber to be continu-
ously monitored by using the ratio emission (SO2/CO2) 
of the exhaust gas as an indicator.(2)  Table 2 shows the 
SO2/CO2 ratio against the fuel oil’s sulfur content.  To 
meet the ECA standard (equivalent to use of 0.1% sul-
fur fuel oil), the ratio emission mentioned above must 
be 4.3 or less.  Although desulfurization equipment 
mounted in marine vessels is required to offer a desul-
furization performance of 98% (sulfur reduction from 
3.5% to 0.1%) at the maximum, conventional cyclone 
SOX scrubbers do not satisfy this.  Accordingly, we 
have worked on the development to achieve a desulfur-
ization efficiency of at least 98% while keeping the fea-
tures of a cyclone system:  high wind velocity process-
ing and low pressure loss.

In order to increase the contact area and con-
tact time between the exhaust gas and droplets, Fuji  
Electric has taken innovative measures for the inter-
nal structure of the SOX scrubber.  Optimizing the 
internal structure causes droplets to be efficiently 
brought into contact with the exhaust gas, resulting in 
an improved desulfurization efficiency.

4.  EGCS Performance Demonstration On-Board 
Tests

Based on the design technology as described above, 
we have conducted phased scale-up verification on 
shore.  Based on the outcomes, we designed and built 
the cyclone SOX scrubber and mounted it on an actual 
ship to conduct on-board tests.  Figure 5 shows the ap-
pearance of the demonstration ship NADESHIKO, and 

Table 1  Treatment systems of SOX scrubbers

Specifica-
tion and 
system

Cyclone Spray tower Packed tower Tray/packing 
+ spray

Superficial 
velocity
(m/s)

Up to 10 Up to 10 1.0 to 1.5 1.6 to 3.5

Absorber 
liquid 
volume

Medium Large Small Small

Desulfur-
ization 
rate (%)

Up to 95 Up to 90 95 to 98 95 to 98

Character-
istics

◦  Absorber 
sprayed 
from center 
of tower

◦Simple 
structure

→    Size 
reduction 
possible

◦Simple 
structure

◦Risk of gas 
drift

→    Desulfur-
ization 
rate de-
creased

◦Desulfur-
ization rate 
high
◦Pressure 

loss high
◦Low main-

tainability

Charac-
teristic in 
between 
spray tower 
and packed 
tower

Main unit of
absorption

tower

Nozzle

Branch pipe
30°

Stem pipe

120°

Fig.4  Example of structure of cyclone SOX scrubber

Table 2  SO2/CO2 ratio against fuel oil sulfur content

Fuel Oil Sulfur Content
(% mass)

Ratio Emission SO2/CO2
(ppm/% volume)

4.50  195.0

3.50  151.7

1.50  65.0

1.00  43.3

0.50  21.7 (Global)

0.10  4.3 (ECA standard)
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stably satisfied at the design point (maximum amount 
of exhaust gas) of the SOX scrubber.

4.2  Results of performance test in closed-loop operation
Figure 9 shows the desulfurization performance of 

semi-closed-loop operation for traveling with the en-
gine load at 50%, and Fig. 10, full-closed-loop operation 
for traveling with the engine load at 50%.  We carried 
out continuous operation for about 1 hour and demon-
strated that the ECA standard was stably satisfied in Fig. 6, the cyclone SOX scrubber.  We mounted Fuji 

Electric’s SOX scrubber [φ2,000 × H6,000 (mm)] on the 
ship equipped with a 9-MW engine to conduct perfor-
mance tests.  As the performance target, we decided 
on a ratio emission of 4.3 or less, which meets the ECA 
standard.

4.1  Results of performance test in open-loop operation
Figure 7 shows the desulfurization performance of 

open-loop operation for traveling with the engine load 
at 50%.  We carried out continuous operation for about 
6 hours and demonstrated that the ECA standard was 
stably satisfied.

Figure 8 shows the desulfurization performance of 
open-loop operation for traveling with the engine load 
at 85%.  Continuous operation for about 1 hour was 
carried out to demonstrate that the ECA standard is 

[Information about vessel]
Shipowner:  Shoei Kisen Kaisha
Shipbuilding yard:  Imabari Shipbuilding
Class of vessel:  Bulk carrier
Deadweight capacity:  84,000 M.T. D/W
Engine output:  9 MW 
Maximum sulfur content of fuel oil:  3.5%

Fig.5  External appearance of NADESHIKO

[SOX scrubber specifications]
Scrubber size:  φ 2,000 × H6,000 (mm)
Scrubber weight:  4.5 t

Fig.6  Cyclone SOX scrubber
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Fig.7    Open-loop desulfurization performance with engine load 
at 50%
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Fig.8    Open-loop desulfurization performance with engine load 
at 85%
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Fig.9    Semi-closed loop desulfurization performance with en-
gine load at 50%
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that of the conventional products.  The weight reduc-
tion as a result of a smaller size and low pressure loss 
makes it even easier to mount the product on board.

6.  Postscript

This paper has described the world’s smallest SOX 
removal cyclone scrubber for marine vessels.

The on-board tests have demonstrated that the 
EGCS mounted on an actual ship is adequate for use 
in ECAs with the strictest SOX and PM regulations 
for marine vessels.  Downsizing of SOX scrubbers is 
expected to encourage its widespread use and help use 
low-cost high sulfur fuel oils, which would contribute 
to lower operational costs of shipping companies that 
support international logistics.

We intend to develop technologies to make SOX 
scrubbers even more compact and reduce the run-
ning costs of EGCS and offer EGCS applicable to more 
classes of vessels on the market, thereby contributing 
to a reduced impact on the global environment.

The on-board tests were conducted with research 
support based on the “Joint R&D with Industries and 
Academic Partners” scheme of Nippon Kaiji Kyokai 
(ClassNK) under a joint research system with Shoei 
Kisen Kaisha, Ltd., Imabari Shipbuilding Co., Ltd. 
and ClassNK.  Fuji Electric was entrusted by Imabari 
Shipbuilding Co., Ltd. with the design and building of 
the entire EGCS equipment and conducted the tests 
in this R&D.  We would like to conclude by expressing 
our appreciation to all those involved in this project.
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both cases.

5.  Outcomes of Demonstration Tests

Based on the results of the EGCS performance 
demonstration tests, we have confirmed that Fuji  
Electric’s SOX scrubber shows an adequate desulfuriza-
tion performance in the respective operation modes.

Figure 11 shows a volume comparison between a 
cyclone SOX scrubber equivalent to the prototype for 
the on-board tests and conventional SOX scrubbers.  
Fuji Electric’s cyclone SOX scrubber has achieved an 
exhaust gas cleaning performance that satisfies the 
ECA standard despite the small volume 50% or less 
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Fig.10  Full-closed-loop desulfurization performance with  
engine load at 50%

10 m
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Other company AFuji Electric Other company B

55 m322 m3 54 m3

Fig.11  Volume comparison between SOX scrubbers (10-MW 
class)
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1.  Introduction

Fuji Electric offers radiation management solu-
tions and radiation measurement equipment that 
contribute to environmental protection activities con-
cerning radiation and radioactive contamination in 
nuclear power facilities and their related facilities and 
surrounding areas.

This paper describes the radiation management 
solutions contributing to environmental protection in-
tended for the reconstruction after the Great East 
Japan Earthquake and the accident at Fukushima 
Daiichi Nuclear Power Station (Fukushima #1 NPS) of 
Tokyo Electric Power Company, Incorporated.

2.  Environmental Monitoring System

An environmental monitoring system monitors the 
radiation and radioactivity in nuclear power facilities 
and their related facilities and surrounding areas.  Fuji 
Electric has been offering environmental monitoring 
systems to nuclear power operators and nearby lo-
cal governments for a long time.  We have developed 
a new system intended for environmental monitoring 
services.

The environmental monitoring system includes 
components as follows:  stationary environmental ra-
diation monitoring equipment for monitoring posts and 
monitoring stations; portable or transportable envi-
ronmental gamma (γ ) ray measuring equipment, such 
as survey meters, transportable monitoring posts, and 
environmental dosimeters; environmental radioactiv-
ity measuring equipment, such as environmental dust 
monitors and environmental iodine monitors; and tele-

NAKASHIMA, Sadao *   MATSUMOTO, Iwao *   KONISHI, Hideyuki *   

Radiation Management Solutions Contributing to 
Environmental Protection

Fuji Electric offers radiation management solutions and radiation measurement equipment that contribute to 
environmental protection activities involving radiation and/or radioactive contamination.  We have developed an en-
vironmental monitoring service using IoT environmental monitors, radiation spectral survey meter with a strontium 
iodide scintillator, and atmospheric monitor that can monitor radioactive aerosol in atmosphere in real time.  We also 
have developed radiation measurement equipment for earthquake reconstruction:  a radioactive aerosol monitor in 
exhaust gas from the temporary incineration facilities and a radioactive soil sorting equipment to sort contaminated 
soil produced from decontamination activities based on the radioactive concentration in the intermediate storage fa-
cilities.

meter systems.  We have now developed a radiation 
spectral survey meter and an atmospheric monitor as 
new components for the system.

2.1  Environmental monitoring service
To operate an environmental monitoring system, 

it is necessary to build dedicated monitoring posts or 
monitoring stations, a telemeter system and a monitor-
ing system, and to prepare a supervision framework.  
A high cost is incurred and a long period of time is re-
quired to construct facility and also train staff for envi-
ronmental monitoring.  The hurdle to introducing such 
a system is significantly high.  The newly developed 
environmental monitoring service using the Internet of 
Things (IoT) environmental monitors provides a combi-
nation of a compact dosimetry unit and a cloud system.  
It makes it easier to introduce the system in more  
areas and facilities.  The compact dosimetry unit, 
which is the main unit of the environmental monitor, 
can continue measurement and cellular phone-based 
data communication for up to 3 months with a battery 
only, allowing for a significant reduction in introduc-
tion and installation costs.

Table 1 shows the main specifications of the IoT 
environmental monitor, and Fig. 1 shows the system 
configuration diagram of the environmental monitor-
ing service.

2.2  Radiation spectral survey meter
Survey meters are used to manually measure the 

spatial radiation dose rate in a facility and its sur-
rounding environment.  Such compact and lightweight 
radiation measuring instruments are easy to carry and 
very useful also in emergencies.

Conventional survey meters could measure the 
spatial radiation dose rate only.  We learned from the 
experience of the accident at Fukushima #1 NPS that 
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there would be need for compact and lightweight radia-
tion spectral survey meter in emergencies.  This led to 
the addition of a nuclide analyzing function that makes 
it possible to carry out environmental monitoring in 
emergencies or environmental measurements at resto-
ration period.

Ahead of other companies, Fuji Electric has devel-
oped a radiation spectral survey meter equipped with 
a strontium iodide scintillator [SrI2(Eu)] as a detec-
tor material.  It is not only high resolution but also 
compact, lightweight and low cost.  Table 2 shows a 
comparison of the characteristics of a strontium iodide 
scintillator and sodium iodide scintillator [NaI(Tl)].  

The latter is commonly used in survey meters.  With 
its high energy resolution of 4% and long decay time, 
the strontium iodide scintillator has properties re-
quired for nuclide analysis.  The light yield is more 
than double the amount of a sodium iodide scintillator, 
which allows even a compact scintillator to measure 
a wide energy range.  Figure 2 shows a comparison of 
γ -ray spectra between the two.  The strontium iodide 
scintillator shows a clearer photopeaks.

Figure 3 shows the external appearance of the de-
veloped “NHC8” radiation spectral survey meter, and 
Table 3, the specifications.  The main features are as 
follows:

(a)  The detector uses a high-resolution strontium 
iodide scintillator to have a resolution of 4% or 
less.

Table 1  Main specifications of IoT environmental monitor

Item Specification

Type of ray  
measured γ -ray (x-ray)

Detector Silicon semiconductor detector

Measuring range Accumulated dose:  1 nSv to 99.99 mSv
Dose rate:  0.01 µSv/h to 999.99 µSv/h

Data transmission 
method Cellular phone-based communication

Data collection 
server Cloud server

Power supply
Lithium-ion battery or commercial power 

supply
Battery lifetime:  3 months max.

Convenience store Utility pole

Staff member’s 
home

DosimeterDosimeter

Government 
office/police

Operation monitoring 
service

Government 
official

Disaster management 
official/general user

Bank

Dosimeter Dosimeter

DosimeterDosimeter

Hospital/laboratory

Cloud server

Fig.1    System configuration of environmental monitoring ser-
vice

Table 2  Comparison of characteristics between strontium iodide scintillator [SrI2(Eu)] and sodium iodide scintillator [NaI(Tl)]

Detector 
material

Melting 
point
(°C)

Density
(g/cm3)

Deliques-
cent

Emission 
wave-
length
(nm)

Light output
(Photon/MeV)

Energy reso-
lution

(662  keV)

Decay 
time
(ns)

Light output 
proportionality
5 to 1,000  keV

Self-
radioac-

tivity

Largest 
diameter

(mm)

SrI2(Eu) 538 4.6 Very high 430 80,000 <4% 800 <5% Non 25

NaI(Tl) 661 3.7 Very high 415 38,000 7% 230 17% 40K 600

134Cs:
605 keV

134Cs:
796 keV,
802 keV

137Cs:  662 keV

134Cs:
563 keV,
569 keV

0 400 800
Energy (keV)

0.1

0.2

0.3

0.4

0

C
P

S
SrI2(Eu)
=    E  3.4%∆

NaI(Tl)
=    E  6.4%∆

Fig.2    Comparison of γ-ray spectra between strontium iodide 
scintillator [SrI2(Eu)] and sodium iodide scintillator 
[NaI(Tl)]

Fig.3  “NHC8” radiation spectral survey meter
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(b)  The dose rate and spectrum data can be sent to 
a mobile device or a PC via Bluetooth* for analy-
sis.

(c)  A multi-channel analyzer function divides the 
measurement energy range of 0 to 2 MeV into 
1,000 channels to allow nuclide identification.

2.3  Atmospheric monitor
An atmospheric monitor continuously monitor the 

concentration of radioactive aerosols collected with a 
filter from the air drawn in from the outside in emer-
gency situations such as a nuclear disaster.  The mea-
sured data can be saved in storage media attached to 
the unit such as a USB memory.  The data can also be 
sent to a data collection server via cellular phone or 
satellite communication networks for real-time moni-
toring.  The device can be operated remotely so that 
it is also possible to put it on standby under normal 

circumstances and to start operating it when an emer-
gency situation arises.  Figure 4 shows the external ap-
pearance of the atmospheric monitor, and Table 4, the 
main specifications.

3.  Radiation Measurement Equipment for Earth-
quake Reconstruction

3.1  Monitoring equipment for radioactive material concen-
tration in emission gas of incineration facilities
To promote the reconstruction after the Great East 

Japan Earthquake, a number of temporary incinera-
tion facilities have been built to incinerate or reduce 
the volume of flammable wastes that resulted from the 
earthquake.  Incineration facilities will also be set up 
inside the intermediate storage facilities currently un-
der construction.

The operators need to monitor the concentration of 
radioactive materials in the exhaust gas coming out of 
the outlet of the facilities, as specified in the guideline 
set by the Ministry of Environment of Japan.  If the 
concentration exceeds the aerial concentration limits 
(20 Bq/m3 for 134Cs and 30 Bq/m3 for 137Cs), they have 
to determine the influence on the surrounding environ-
ment by comparing the concentration limit, the mea-
sured value and the calculated concentration value at 
the point of the highest concentration.

To satisfy the requirements shown in Table 5, Fuji 
Electric has developed a monitoring equipment for 

Table 5    Points in development of radioactive aerosol monitor 
for exhaust gas

Requirement Point in development

The exhaust gas 
from the incin-
erator has a high 
temperature of 
180 °C and a dew 
point of 140 °C and 
contains many cor-
rosive substances.

(1)   The piping between the nozzle and the 
collector unit of the detector are heated 
to higher than the dew point of 140 °C 
so as to prevent dew condensation.

(2)   The γ -ray detector is stored in a jacket 
to isolate it from the collector unit, and 
is air-cooled to an allowable tempera-
ture of 45 °C or lower.

In the Require-
ments Guideline 
issued by the Min-
istry of Environ-
ment, the exhaust 
gas is forbidden 
from undergoing 
dew condensation.

(1)   The piping after the outlet of the col-
lector unit is heated to higher than the 
dew point of 140 °C.

(2)   The inside of the system is divided into 
multiple heating sections to allow finer 
temperature control and avoid local dew 
condensation.

(3)   Products resisting high temperatures 
are used for the pumps and instruments.

*    Bluetooth:  Trademark or registered trademark of 
Bluetooth SIG, Inc.

Table 3    Main specifications of “NHC8” radiation spectral 
survey meter 

Item Specification

Type of ray 
measured γ -ray (x-ray)

Detector Strontium iodide scintillator [SrI2(Eu)]
(Size φ1” × 1”)

Energy charac-
teristic

60 keV to 1.5 MeV:  within ±25% (137Cs stan-
dard)

Detector resolu-
tion 4% or less (with 137Cs)

Effective mea-
suring range

Dose rate:  0.000 to 70 (µSv/h)
Count rate:  0.000 to 99.9 (ks–1)

Data recording 1,000 records max.

Power supply
AA alkaline dry cell battery (LR6) × 6

USB power supply (optional)
AC adapter (optional)

Dimensions W100 × D230 × H160 (mm)

Mass Approx. 1.6 kg (including batteries)

Table 4  Main specifications of atmospheric monitor

Item Specification

Type of ray measured β -ray

Detector Plastic scintillation detector

Maximum detection sen-
sitivity 100 Bq/m3 or less for all β-rays

Continuous measurement 
period (filter replacement 
cycle)

1 week or longer
(when the filter feed cycle is 1 hour)

Data transmission method Cellular phone and satellite  
communication

Fig.4  Atmospheric monitor
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ternal appearance of the monitoring equipment for ra-
dioactive material concentration in emission gas.

3.2  Radioactive soil sorting equipment 
Seven years have passed since the Great East 

Japan Earthquake.  As for the decontamination proj-
ect for the soil and other wastes contaminated with 
radioactive substances by the accident at Fukushima 
#1 NPS, the area decontamination works have almost 
been completed except for the difficult-to-return zones.  
The contaminated soil is stored in flexible, interme-
diate bulk containers at temporary storage sites in 
Fukushima Prefecture.  There have been requests for 
their early treatment, disposal and storage.  In order 
to proceed with the work efficiently, it is necessary to 
sort the contaminated soil by radioactive concentration 
level, and treat, dispose of and store each group accord-
ingly.

Fuji Electric and Shimizu Corporation have jointly 
developed equipment for sorting radioactive soil to 
measure the radioactive concentration of contaminated 
soil with high precision and sort it accurately.  Table 7 
shows the points in the development of the equipment.

Figure 6 shows the configuration diagram, Fig. 7, 
an example of the external appearance, and Table 8, 
the main specifications.

radioactive material concentration in emission gas.  
Table 6 shows the main specifications.  This equipment 
consists of a sampling nozzle installed at the exhaust 
gas outlet, sampling piping, and return piping toward 
the equipment and exhaust gas outlet.  The equip-
ment has an open-type instrument rack structure and 
consists of connecting piping, a pipe heater, pipe ther-
mometer, purge filter, detector jacket (detector casing), 
collector unit (filter attached), flowmeter, pressure 
gauge, pump, controller unit, operation indicator and 
instrumentation air purge line.  Figure 5 shows the ex-

Fig.5    Monitoring equipment for radioactive material concentra-
tion in emission

Table 6    Main specifications of radioactive aerosol monitor for 
exhaust gas

Item Specification

Installation method Floor-fixed

Measurable nuclide 134Cs, 137Cs

Type of ray measured γ -ray (x-ray) (50 keV or higher)

Detector Sodium iodide scintillation detector 
[NaI(Tl)]

Exhaust gas tempera-
ture 180 °C (during normal operation)

Heater control tem-
perature

140 °C or higher (heater heat resis-
tance:  400 °C)

Detection sensitivity

2 Bq/m3 max.
(Energy range:  527 to 740 keV)

BG condition:  0.15 µSv/h 
(equivalent to 137Cs)

Counting time:  30 minutes
Sampling time:  60 minutes

Indication tolerance 5% or less

Dust sampling material GB-100R (glass fiber filter)

Sampling efficiency 99.99% (JIS Z 8901)

Shielding Lead shield of approximately 5 cm 
thickness

Sampling flow 50 L/minute or more

Pump configuration 2  pumps (duplex)

Dimensions and mass

Main unit (including channel base):
W1,600 × D800 × H1,700 (mm),  

approx. 1,150 kg
Pump stand:

W500 × D800 × H950 (mm),  
approx. 100 kg

Hopper

Feeder

Stationary scale

Low-concentration 
soil

High-
concentration

 soil

Rotary chute Unmeasurable 
soil

Roller soil 
shaper

Radiation 
measuring unit

Fig.6    Configuration diagram of radioactive soil sorting equip-
ment

Table 7    Points in development of radioactive soil sorting 
equipment

Requirement Point in development

High-precision 
measurement

(1)   A batch measurement method is used to 
measure the soil lot by lot by taking a 
given amount of soil and making it into 
a specified shape with rollers.

(2)   The mass and shape dimension of the 
soil lot is measured to compensate the 
radioactive concentration.

Accurate sorting Soil is sorted lot by lot to ensure accurate 
sorting.

Sufficient process-
ing capacity
(70 t/h or more)

(1)   The soil is transported by conveyor so 
that a large amount of soil can be pro-
cessed.

(2)   A high-speed rotary chute has been 
used for the sorting.
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soil, stationary scale for measuring the weight of soil, 
conveyor for transporting soil, roller soil shaper, radia-
tion measuring unit for measuring the radioactivity of 
soil, and rotary chute for sorting soil.  The radiation 
measuring unit has a structure in which there are 6 
detectors below the conveyor belt arranged across the 
conveyor width.  These detectors are enclosed with 5 
lead shielding plates installed at the front, back, both 
sides and below to reduce background radiation.  A 
shape measuring instrument is installed above the 
conveyor between the radiation measuring unit and 
the upstream roller soil shaper to measure the shape of 
the soil of each lot being sent (length, repose angle at 
slope and height).

In addition to the main part of the equipment, a 
measuring instrument monitoring panel for control-
ling the detectors, processing signals and calculating 
the concentration, and also a motive power panel for 
driving and controlling the conveyors and other mov-
ing items. 

4.  Postscript

This paper described radiation management solu-
tions contributing to environmental protection.  Fuji 
Electric is committed to enforcing and improving the 
quality of environmental monitoring devices, contrib-
uting to the earthquake reconstruction and developing 
equipment and systems used for reactor decommission-
ing.

We would like to conclude by expressing our ap-
preciation for the guidance and encouragement we 
received from Shimizu Corporation, our joint develop-
ment partner for the radioactive soil sorting equip-
ment.

The equipment consists of a hopper for receiving 
soil, feeder (conveyor) for taking a specified amount of 

Fig.7  Example of radioactive soil sorting equipment

Table 8    Main specifications of radioactive soil sorting equip-
ment

Item Specification

Installation method Floor-fixed

Measurable nuclide 134Cs, 137Cs

Type of ray measured γ -ray (527 to 740 keV)

Detector Sodium iodide scintillation detector 
[NaI(Tl)] × 6

BG dose rate 2.5 µSv/h or less

Soil lot shape 
(standard)

Trapezoid
Upper base:  1,423 mm,  
Lower base:  1,900 mm 

Width:  650 mm, Height:  200 mm

Measurement tolerance ±10%

Conveyor speed 400 mm/s

Reference value 8,000 Bq/kg

Screening level 7,200 Bq/kg

Sorting method
Sorting by rotary chute

(High radioactivity, low radioactivity, 
failed measurement)

Processing capacity 70 t/h or more
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1.  Introduction

Electric door systems for rail cars are motor- 
powered devices for opening and closing passenger 
doors in accordance with the door operations of crew 
members.  Fuji Electric has delivered a rack-and-pinion  
type door system to East Japan Railway Company (JR 
East) for the Series E235 train (Yamanote Line) shown 
in Fig. 1 that started operation on May 22, 2017.

Based on the existing products that had achieved 
lighter weight and lower power consumption, Fuji 
Electric developed this door system by improving func-
tions and performance through the meetings of the 
“Improved Door Closing Device Development Study 
Group” set up in January 2009.  The study group con-
sisted of rail car manufacturers and door system man-
ufacturers as well as the headquarters, development 
departments, car inspection and repair departments of 

TSUJIMURA, Isao *   UMEZAWA, Kotaro *   FUJITA, Kenji *   

Passenger Door System for Series E235 Train of East Japan Railway 
Company (Yamanote Line) Designed to Improve Transportation Quality

Electric door systems for rail cars are motor-powered devices for opening and closing passenger doors in accor-
dance with the door operations of crew members.  Fuji Electric has delivered rack-and-pinion type door systems to 
East Japan Railway Company for the Series E235 train (Yamanote Line), which started operation.  The door system 
uses less permanent magnets than conventional products, thus reducing overall weight by 14%.  Furthermore, by 
reducing the number of parts and adjustment points, the system reduces maintenance costs and failure rates.  More-
over, by changing the type of locking device, the system achieves better obstruction pulling and anti-forced opening 
characteristics.  Additionally, by improved control sequencing, the system is increased in sensitivity of obstruction de-
tection and dragging detection.

JR East. The study group discussed the doors intended 
for the next-generation rail cars based on the require-
ments for safety, reliability and maintainability, and 
organized the development concepts.  Some of the 
requirements and evaluation items discussed by the 
group are as follows:

(a)  Sensitivity of obstruction detection
The system can detect obstructions with higher 

sensitivity than the existing equipment.
(b)  Obstruction pulling characteristic

Obstructions can be pulled out while the train is 
stopped.
(c)  Dragging detection performance

The system can detect the condition where 
a trapped obstruction is dragged when the train 
starts.
(d)  Resistance to forced opening

The doors cannot be opened manually while the 
train is running.
(e)  Maintainability

Maintenance is required less frequently and can 
be done more easily.

This paper describes the solutions and adopted 
technologies used in this door system to address these 
requirements.

2.  Device Overview

Figure 2 shows the configuration of the door sys-
tem.  This door system consists of a motor that is the 
power source for opening and closing door panels, the 
main unit containing a rack-and-pinion mechanism 
that conveys the motor power to the door panels, a 
locking device that ensures doors are locked when 
they are closed, a controller for controlling the motor 
and locking device, and the sliding door rails and door 
hangers for holding door panels.

Fig.1  External appearance of Series E235 train
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2.1  Motor
Fuji Electric has developed a dedicated low-profile 

permanent magnets motor for this door system (see 
Fig. 3).  This motor uses permanent magnets less than 
one-tenth as much as that of conventional linear mo-
tors.  This reduction has reduced the entire door sys-
tem in weight by 14%.  We have also achieved a posi-
tion resolution of 0.01 mm, thrust response from 0% 
to 100% of 750 µs and pressing thrust force of 500 N 
when stopped.  Furthermore, the system has an en-
closed, high-precision optical encoder to improve the 
environmental endurance and sensitivity of obstruc-
tion detection.

2.2  Rack-and-pinion type door system
A rack and pinion mechanism has been adopted for 

Series E231 and E233 trains.
As shown in Fig. 4, in a rack-and-pinion type door 

system, the pinion is attached to the motor shaft and 
directly drives the upper and lower racks.  Such a sim-
ple mechanism without gear shifting has made it pos-
sible to have fewer parts, improved reliability as a re-
sult of less equipment failures, and lower maintenance 
costs.  Moreover, the maximized motor control perfor-
mance and the adoption of the high-precision encoder 

have improved detectability of obstructions.  The main 
unit that contains the rack-and-pinion mechanism in-
herited the structure of the existing door systems for 
rail cars designed in consideration of dust and vibra-
tion environments.

2.3  Locking device
Figure 5 shows the configuration of the locking de-

vice.  When the door panels are in the closed position, 
the lock pin is lowered and it engages with the lock 
hole to keep the door panels closed.  When the doors 
are to be opened, the controller commands the solenoid 
to raise the lock pin, and the doors are unlocked.  For 
maintenance or in an emergency, the unlock handles 
provided inside and outside the train raise the lock 
pin via unlock wires to set the lock pin in the unlocked 
position.  Such a simple locking device will make the 
operation sequence of locking and unlocking more flex-
ible.  Furthermore, combining this with the software 
built in the controller enables various operations, and 
this improves detectability.

2.4  Controller
The controller adopts standby redundant architec-

ture so that the opening and closing operation can be 
continued without degrading functions or performance 
even when a problem occurs (see Fig. 6).  The commu-

Controller
Locking device

Motor Main unit
Door hanger Door rail

Fig.2  Configuration of door system

Fig.3  External appearance of motor

(a) Fully closed

(b) Fully opened

Pinion (rotated by motor)Upper rack Lower rack

Left door Right door

Left door Right door

Fig.4  Principle of rack-and-pinion type door system

Solenoid

Unlock wire

Door lock switch (DLS)
Lock pin

Fig.5  Configuration of locking device
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nication with upper level systems has been improved 
to provide higher functionality and larger capacity.

By applying state-of-the-art electronic devices to 
the controller, we reduced its volume to a half or less 
of the existing controller despite the addition of various 
functions.  Such size reduction has allowed the control-
ler to be mounted onto or integrated into the door clos-
ing device’s main unit, resulting in saving on the labor 
for mounting devices onto cars and reducing wires.

3.  Equipment Features

3.1  Achieving both obstruction pulling and resistance to 
forced opening
Table 1 shows a comparison of the required func-

tions between the obstruction pulling and resistance to 
forced opening.  Door systems are required to have con-
flicting functions: an obstruction-pulling characteristic 
while the train is stopped at a station and a resistance 
to forced opening while the train is running.

To meet the second requirement, the existing elec-
tric door systems use a locking device to turn off the 
motor power while the doors are closed to reduce power 
consumption.

This locking device also keeps the door closed when 
no power is supplied or when an external force exceed-
ing the motor rating is applied.  Such conventional elec-
tric door systems have poor performance in obstruction- 
pulling and dragging-detection.  Once the door is 
locked, the doors could not be opened by hand.  To im-
prove the obstruction-pulling, the locking devices were 
adjusted to widen the locking position.  However, when 
the doors were fully closed, a wider gap degraded the 

resistance to forced opening.
To solve the problem, we closely examined the 

functions of door systems and widened the locking 
position of the locking devices to ensure a sufficient 
obstruction-pulling characteristic.  We simplified the 
locking device by limiting its function to locking and 
maintained the fully closed position by the continu-
ous pressing function using motor thrust.  Figure 7 
shows the operation sequence of door closing and lock-
ing.  When the train is stopped at a station before de-
parture, the motor thrust is adjusted to maintain the 
fully closed position in consideration of the obstruction-
pulling and dragging-detection.  While the train is run-
ning, the motor thrust is adjusted to maintain the fully 
closed position in consideration of the resistance to 
forced opening.

In order to achieve the resistance to forced open-
ing, push-back control has been adopted.  This control 
instantaneously recognizes an external force attempt-
ing to open the door and pushes back the force strongly 
to prevent the door from being opened.

3.2  Problems with trapping and dragging of obstruction
Detections of trapping and dragging obstruction 

(train moving with an obstruction being trapped) are 
important functions to ensure passenger safety.  These 
functions require high reliability because a detection 
failure or a malfunction will directly lead to an opera-
tion delay.

Typical electrically driven door systems use a door 
lock switch (DLS) and a door close switch (DCS) pro-
vided inside the train to detect the condition where the 
doors are fully closed and locked without a problem 
such as a trapped obstruction.  These switches are con-

Standby-redundant-type controller

Inverter 
outputs

Control 
signals 
(input)

Control 
signals 
(output)

Main
controller

Output 
switching 

circuit

Output 
switching 

circuit
Motor

Sensor signal

Standby
controller*

* The standby controller constantly monitors signals and when the main 
controller fails it outputs signals to the motor and train side.

Fig.6  Basic configuration of controller

Table 1  Comparison of required functions

Required  
function

Operating  
condition Required performance

Improved ob-
struction-pulling 
characteristic

When the train is 
stopped at a sta-
tion or when the 

train departs from 
a station

The doors can be easily 
opened to the extent that 
the trapped obstruction 
can be pulled out.

Improved 
resistance to 
forced-opening 
characteristic

While the train is 
running

The doors are fully and 
strongly closed regard-
less of disturbances such 
as train vibration or 
vandalism.

Door closing operation 
(when the train departs 

from a station)

*1:  DCS:  Door close switch
*2:  DLS:  Door lock switch

Door closing operation 
complete:  DCS*1= ON

Obstruction 
determination → 
Locking operation

Locking operation 
complete:  DLS*2= ON

Fully closed position 
maintained 

(safety of pulling)

Input of the signal 
indicating that the train 
is running

Fully closed position 
maintained 

(resistance to forced opening)

Input of the signals 
indicating that the train 
is stopped and command-
ing the doors to open

Door opening operation 
(when the train arrives at the 
next and subsequent stations)

Obstruc-
tion 
detection

Dragging 
detection

When the 
train is 
stopped at 
a station

When the 
train departs 
from a station 
(low speed)

While the 
train is 
running

The doors are 
fully closed 
with the 
minimum 
motor thrust 
sufficient for 
maintaining 
the fully 
closed 
position.

When door 
opening is 
detected, the 
maximum 
thrust is 
generated in 
the 
door-closing 
direction.

Fig.7    Operation sequence of door closing and locking 
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status recognized by the controller.  Consequently, 
though the controller can detect a thin obstruction that 
allows the doors to be locked, the information is not 
sent from the controller to the train side.

On the other hand, the new detection sequence 
provides a certain waiting time between when the DCS 
turns on and when the doors are to be locked.  This al-
lows the system to activate the locking device after it 
confirms that there is no slight opening of the doors 
that remains after an obstruction has been pulled out 
by a passenger.  The system can also eliminate the 
influence of a disturbance such as the inertial force  
of the door panels.  Consequently, only when the DCS 
continues to be ON, the system will recognize that 
there is no obstruction and activate the locking de-
vice.  The interlock circuit connected to the devices 
related to train running receives the signals from the 
DCS and DLS directly to detect that the doors are fully 
closed and locked.  When the controller has detected a 

nected in series to interlock the devices related to train 
running.  This circuit is also used for the train side 
lamps to indicate when the doors are open, and for the 
door closure indicator in the cab.

Detailed investigation of the detectability require-
ments showed that when a thin obstruction was 
trapped, the door closure indicator lit up instanta-
neously while the train side lamps went off instan-
taneously with the existing door systems.  When the 
tops of the doors reach the fully closed position due to 
deformation of the rubber along the edge of the door or 
an inclination of the door panels caused by an inertial 
force or other reasons, the doors are locked immedi-
ately (both DCS and DLS turn on).  When the inertial 
force vanishes, only DCS turns off due to the reaction 
force from the rubber.  We confirmed that such a re-
action was more conspicuous and the instantaneous 
lighting of the door closure indicator occurred more 
frequently when the trapping position was lower and 
the motor thrust became greater (see Fig. 8).  Such in-
stantaneous reactions could trigger false recognition 
or misjudgment of the crew, we thus took measures in-
cluding the improvement of the detection performance.

3.3  Improvement of obstruction-detection sequence
Fuji Electric has studied a detection operation se-

quence robust to the disturbances in consideration of 
the following items:

(a)  An unlocked condition is kept until the inertial 
force vanishes.

(b)  The motor thrust is minimized to the extent 
that the door can be kept closed when the pres-
ence of an obstruction is determined.

(c)  The sufficient motor thrust is applied to ensure 
that the doors are kept locked.

Figure 9 shows the conventional obstruction-
detection sequence, and Fig. 10 shows the new one.  In 
the conventional sequence, after the DCS turns on, the 
doors are mechanically locked, which makes the DLS 
turn on, and then the fully closed and locked signals 
are sent to the train side.  The mechanical locking is 
operated independently of the obstruction-detection 

Door close 
switch (DCS)

Inclined 
door panel 
caused by 
an inertial 
force

Inclined 
door panel 
caused by 
an inertial 
force

Deformed 
rubber along 
the door edge

Obstruction

Fig.8  Causes of instantaneous lighting of door closure indicator

No

Door closing operation
(including obstruction-detection operation)

Pressing by the motor until 
DLS is turned ON

The doors have reached the 
fully closed position

DCS*1 = ON

Mechanical locking operation (→ DLS*2 = ON)

Are the doors in the locked position?

Obstruction is detected
DCS = OFF

Door closed/locked signals are sent to the train side

Yes

*1:  DCS:  Door close switch
*2:  DLS:  Door lock switch

Fig.9  Conventional obstruction-detection sequence

Door closing operation 
(including obstruction-detection operation)

Influence of disturbance is 
eliminated.

The fully closed position can 
be maintained

DCS = ON

The doors have reached the 
fully closed position

DCS*1 = ON

Waiting period (waiting for the 
convergence of inertial and other forces)

Is the DCS turned ON?
Obstruction is 
detected
DCS = OFF

Yes

Is the DCS turned ON?

Yes

No

Obstruction is detected 
(due to a thin object, etc.)
DCS = OFF

No

Shift to locking operation (→ DLS*2 = ON)

Door closed/locked signals are sent to the train side

*1:  DCS:  Door close switch
*2:  DLS:  Door lock switch

Fig.10  New obstruction-detection sequence
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was trapped.  Moreover, both the sensitivity of obstruc-
tion-detection and dragging-detection are improved 
to achieve higher safety compared with the existing 
equipment of Fuji Electric.

5.  Postscript

Eight and half years have passed since Fuji Electric  
started the development of this door system.  By  
accumulating a number of specification reviews and 
prototype verifications and re-examining functions and 
performance fundamentally, we have succeeded in de-
livering an improved door system.  Series E235 mass-
produced trains for the Yamanote Line, equipped with 
this system, started operation on May 22, 2017.  By 
around spring 2020, a total of 49 consists (539 cars 
with 4,312 door openings in total) are scheduled to be 
phased into operation.

After turning this technology into a platform, we 
will offer the series products that will meet the de-
mands of individual regions and operators, and we will 
continue to improve door systems by aiming for higher 
safety and reliability.

Fuji Electric is committed to supplying products 
that support safe and stable transportation and com-
fortable operation of environmentally friendly railroad 
systems in order to contribute to greater social produc-
tivity.

We would like to conclude by expressing our sin-
cere appreciation for the generous guidance and co-
operation from East Japan Railway Company and 
involved parties for the specification reviews, develop-
ment and testing of this door system.

trapped obstruction, it checks that the doors are not 
fully closed and reattempts the door closing operation 
again.  This makes the interlock circuit recognize that 
an obstruction is being detected.

4.  Evaluation Test Result

The newly developed door system was tested on a 
mock-up train and an actual train of JR East.

We conducted an evaluation test on a mock-up 
train by manually opening the door panels with the 
signal condition simulating train running. This test 
showed that the door closed position was firmly main-
tained and the DCS did not turn off.  The control sig-
nals of the position, speed and thrust during operation 
also showed proper responses in the rising of the motor 
thrust when forced opening is detected.

We conducted an evaluation test on a prototype 
equipped with the new obstruction detection sequence 
and the new locking device.  Table 2 shows a compari-
son of the evaluation test results.  From the evaluation 
results, we confirmed that this system could suppress 
the instantaneous lighting when a thin obstruction 

Table 2  Comparison of evaluation test results

Sensitivity of obstruction 
detection in vicinity of 

fully closed position

Dragging-detection 
performance

(Pull-out force when 
detected)

Performance of 
existing prod-
ucts

Detection:  15 mm, lock-
ing:  10 mm

Instantaneous lighting 
occurred.

Detection impos-
sible with DCS

Measurement 
result of new 
system

Detection:  8 mm, locking:  
7 mm

No instantaneous lighting 
occurred.

Detection possible 
with DCS

(Pull-out force:   
100 N)
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