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Preface

New Normal in Power Electronics

FUJITA, Hideaki *

In the midst of COVID-19, we have been introduced to many new concepts, such as the 3Cs (closed
spaces, crowded places, and close-contact settings) and
social distancing. Some other activities have included
frequent hand washing, gargling, and staggered commutes. When I think of it, concepts such as telecommuting and telework have been around for a long time.
It has been only recently, however, that their importance has been recognized in the real world.
The use of power electronics equipment to control
electric power has progressively spread throughout the
world as an increasing number of devices have gradually become electrified over the decades. When I think
back, the oil crisis in the 1970s created a strong demand for power saving and the broad introduction of
semiconductors and microcomputers in the 1980s led
to their widespread use in home appliances and electric
railways. All of this created a new way of life unique
to Japan. It is against this backdrop that research
and development into power electronics equipment has
placed the highest priority on improving energy-saving
efficiency and enhancing capacity to support a wider
range of applications.
Volume 1, No. 4 of Fuji Electric Journal was published in June 1924 and contains an article on mercuryvapor rectifiers. In this type of rectifier, mercury is
sealed in an electrode-equipped glass container. It
converts power from AC to DC by using the rectifying action of the arc discharge between the electrodes.
Thyristor turn-on is referred to as “firing.” This name
originated from the fact that arc discharges were
called “electric arc.” Prior to this, there were only rotary converters that integrated an AC motor and DC
generator. As a result, the development of mercury rectifiers without rotating parts was a real breakthrough.
I had used a mercury rectifier once when I was a student. It emitted heat and ultraviolet rays due to the
arc discharge, but this also caused large voltage drops.
Therefore, it is now considered normal to use diode rectifiers.
Today’s power electronics use low-loss power devices such as IGBTs and power MOSFETs and perform
*	P rofessor, Department of Electrical and Electronic
Engineering, School of Engineering, Tokyo Institute of
Technology
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digital control using embedded microcontrollers. The
latest power devices are designed to reduce switching loss. This enables higher switching frequencies
that make it possible to reduce the size of filters and
smoothing circuits and achieve faster and more stable
control. At the same time, control digitization not only
made it possible to shorten development cycles, but also
played an important role in customizing processes to
meet various needs.
Power electronics is defined as the application of
any technology that converts voltage, current, or frequency without substantial loss (i.e., without affecting
the power). This definition may sound reasonable to
experts, but to engineers in other fields and the general
public, I think it would be easier to explain it as the
interface of electric power. This type of explanation
helps to clarify that power conversion from DC to AC
is necessary for grid connections using solar cells and
batteries. At the same time, however, the word “power
electronics” is rarely used when discussing new energies and energy creation. It is similar to how words
like “hubs” and “routers” are not often used in discussions about cloud computing and IoT. Since it expected
that communication data will increase in the future,
these types of devices will need to provide higher performance and capacity. At the same time, however,
their interfaces are such that they will need to perform
various functions behind the scenes. Many general users tend to think of USB as a connector standard, but
they are unaware of the chips connected to these types
of devices.
In most cases, information interfaces have a fixed
standard. This means that it is relatively easy to
replace them with equivalent products from other
manufacturers. On the other hand, power electronics
are customized for their particular connection. This
means that it is not easy to replace them with the products of other manufacturers. In particular, it is difficult for devices that use chemical reactions, such as
batteries and fuel cells, to conform their characteristics
to standards. To compensate for this, power electronics
play an important role.
At the same time, there is great demand for miniaturization. For people familiar with the DC power
supplies of the past, it must seem amazing that recent smartphone chargers have become so small, yet

FUJI ELECTRIC REVIEW vol.67 no.1 2021

ficiency and capacity were enough, but now there is increasing demand in terms of miniaturization, controllability reliability, noise, lifetime, and IoT. The many
challenges that need to be resolved in this field can
only be solved using power electronics. In this respect,
a new normal has already started for power electronics. I look forward to seeing the future developments.
(Translated by Fuji Electric)
issue: Power Electronics Contributing to Energy Saving, Compactness, and Increased Productivity

still contain a 10-watt isolated power supply inside
them. To the average user, however, the charger is
just a distraction that occupies a port on a power strip.
Likewise, many laptop chargers that used to weigh
nearly 1 kg are now only 300 g or so. Any interface for
power should ideally be just a cable.
The requirements of power electronics equipment
have been changing drastically. In the past, high ef-
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1. Introduction

to productivity improvement and energy saving
in industrial plants and infrastructure by combining its cultivated expertise in highly reliable power
electronics products, as key devices, with engineering services, advanced control technologies, and
IoT. Figure 1 shows Fuji Electric’s power electronics
devices and applicable fields. In this special issue,
we will describe Fuji Electric’s power electronics
devices as products that reduce environmental burdens by achieving energy saving and compactness in
industrial plants and infrastructure in order to help
realize a sustainable society. Furthermore, we will
discuss technologies and applied products that contribute to the improvement of equipment reliability
and maintainability using predictive diagnostics,
in addition to the enhancement of the performance
of power electronics equipment in order to improve
productivity.

As the working-age population in Japan declines due to the decreasing birthrate and aging
population, there is a growing need for production
reforms to improve productivity. It is against this
backdrop that automation is being promoted in
various fields, including industrial plants and infrastructure, using artificial intelligence (AI), the
Internet of Things (IoT), and high-speed communication technologies. At the same time, the power
consumption of production systems is rapidly increasing. Power electronics technology and applicable products are indispensable for achieving both
automation to improve productivity and energy saving to make more effective use of power.
Fuji Electric has been thoroughly pursuing synergies between its core power semiconductor and
power electronics technologies, and is contributing
Clean energy

LIU, Jiangheng *
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Fig.1 Fuji Electric's power electronics equipment and its application fields
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Fuji Electric Co., Ltd.
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Energy saving and compactness are required
not only for power electronics equipment but for all
products. In particular, since industrial plants and
infrastructure consume large amounts of electricity, high efficiency and energy saving have become
increasingly important. As for transportation vehicles, such as railcars and electric vehicles, only a
limited installation space is available for equipment,
and downsizing and weight reduction are also attracting attention. This chapter describes examples
of Fuji Electric’s initiatives to improve the efficiency,
energy saving, size, and weight of its power devices,
power electronics equipment, and systems.
2.1 High efficiency and energy saving

(1) Power devices
Fuji Electric has been commercializing IGBTs*1
as typical power device elements and has realized a number of technological innovations, including improvements in device structure and process
technology, enabling it to create more efficient and
smaller devices that have less than half the initial
loss(1). However, silicon (Si) semiconductors, which
have been the mainstream for over 50 years, are
approaching their theoretical performance limits.
Therefore, we are developing and commercializing power devices that use silicon carbide (SiC) as
wide bandgap semiconductors with dramatically improved performance.
We have developed a high-speed hybrid module
that combines a low-loss SiC Schottky barrier diode
(SiC-SBD) with a Si-based IGBT with high-speed
switching characteristics, instead of the conventionally used Si-based free wheeling diodes (FWDs)(2).
Moreover, we have developed SiC trench-gate
metal-oxide-semiconductor field-effect transistor
(MOSFET) chips and are planning to develop a series of All-SiC modules with a breakdown voltage of
1,200 to 3,300 V(2).
Furthermore, we have optimized the drive technology and peripheral circuits of these power devices to significantly reduce the loss generated by
the main circuits of power electronics equipment,
resulting in higher efficiency and energy saving
(2) Power electronics equipment
As the capacity of large-capacity power electron-

*1 IGBT:

This stands for insulated gate bipolar
transistor. This is a voltage control device
that has a gate insulated with an oxide insulated film, having the same structure as
MOSFET. It makes use of the strong points
of MOSFET and bipolar transistors. Its bi-

ics equipment used in industrial plants and infrastructure increases, the current of internal main
circuits and feeding current from power electronics
equipment to devices to be controlled are also increasing. This has, in turn, created greater power
transmission loss in power cables. In order to increase power while suppressing power loss, power
electronics equipment have been upgraded to handle higher voltages.
For example, in medium-frequency induction
furnaces that use electromagnetic induction to heat
and melt metals, the voltage applied to the induction coil is being increased to 6 kV, twice the conventional voltage. To achieve this, the insulation
structure and materials have been revised to suppress occurrences of partial discharge even in high
temperature, high humidity, and high dust environments.
In power conditioning systems (PCS) that convert DC power generated by solar panels into AC for
interconnection with power transmission systems,
the input voltage from the solar panels is being increased from the conventional voltage of 1,000 V DC
to 1,500 V DC, thereby reducing the current in the
DC cable to suppress transmission loss.
Since power electronics equipment capacity is
limited by the current of individual power devices,
we have increased the capacity by using a parallel
connection of power devices, power units, and power
electronics equipment. However, it is not always
the case that equipment is operating at 100% load
all the time. We have developed a quantity control technology to reduce no-load loss by reducing
the number of power units used in parallel when
the load is low, and have applied it to our products
to achieve high efficiency and energy saving at low
loads.
Moreover, in addition to improving the efficiency
of power electronics equipment, we are also improving the efficiency of the rotating machines used as
power sources in industrial plants and infrastructure. We have also developed a high-efficiency permanent magnet synchronous motor (PM motor)*2
for fluid apparatuses by taking advantage of the excellent features of PM motors, such as their small
size and high efficiency, further reducing the iron
loss of the rotating machines by using a high-grade,
thin electrical steel sheet for the iron core, and optimizing the shape of the parts to minimize loss

polar operation means that it can make use
of conductivity modulation, and as a result,
it is able to achieve a high blocking voltage,
low on-resistance and switching speed sufficient for use with inverters.

issue: Power Electronics Contributing to Energy Saving, Compactness, and Increased Productivity

2.	Technology and Product Development to
Support Energy Saving and Compactness

*2 PM motor:

This stands for permanent magnet
synchronous motor. This is a synchronous
motor that uses a permanent magnet for the
rotor, and is characterized by its high efficiency and small size and weight compared
to induction motors.
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(1) Power devices
As mentioned above, Fuji Electric has developed and commercialized a high-speed hybrid module that combines a SiC-SBD and IGBT capable of
high-speed switching, as well as SiC trench-gate
MOSFET chips. This new power device has low
loss, and it not only greatly reduces the loss generated by the main circuit and improves efficiency,
but also makes it possible to significantly reduce
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in consideration of the ratio of copper loss to iron
loss (Refer to “PM Motors for Fluid Apparatus with
Small Size, High Speed, and High Efficiency” on
page 26).
(3) Power electronics equipment systems
In industrial plants and infrastructure, a large
number of power electronics equipment are operated under cooperative control. In order to quickly
decelerate or stop a high-speed mechanical system,
it is necessary to quickly consume the kinetic energy
of the machine. A typical general-purpose inverter
uses diode rectification to generate DC intermediate
voltage from AC power. Therefore, even when the
kinetic energy of the mechanical system was converted into electrical energy, it was not be possible
to perform regeneration from the DC intermediate
circuit of the inverter for the power system. As a
result, the energy could only be consumed using
a regenerative resistor. In response to this, Fuji
Electric has released the “RHC-C Series” of PWM
converters with power regeneration functions to
facilitate system-wide energy saving in industrial
plants and infrastructure. In addition, we have
newly developed the “FRENIC-RHC Series” as a
line-up of products with improved functions and
operability (see Fig. 2). These products regenerates
the braking energy back to the power supply, while
at the same time shaping the current waveform on
the power supply into a sine wave, enabling them
to comply with guidelines of harmonic suppression
measures.

Control equipment

Fig.2 “FRENIC-RHC Series”

the size of the cooling unit needed to cool the power
device, resulting in smaller and lighter equipment
overall. In addition, these power devices are capable of high-speed switching and can operate at
high frequencies, and the filters and reactors in
the peripheral circuits can be downsized, leading to
smaller equipment. For example, main power converter of the N700S Series Shinkansen train uses
SiC power semiconductor modules to reduce the
size and weight of the cooling system. We optimized
the structure and conductor configuration in the
power unit and all of which resulted in a 9% smaller
and 14% lighter main power converter.
(2) Power electronics equipment
In order to reduce the size and loss, it is important to focus on the structural design and thermal
cooling design technology of power electronics equipment when using new power devices.
When large-capacity power electronics equipment is installed outdoors, it is necessary to ensure
the protection class of the inverter unit and control
equipment since they are precision devices, while
also cooling the heat generated by the large-capacity
main circuit.
In the 2.5-MW-class PCS for solar power generation installed outdoors is divided into two internal areas: an airtight area and an open-air area.
Precision devices are installed in the airtight area
and heat sinks for IGBTs and other high heatgenerating components are installed in the open-air
area and cooled using outside air (see Fig. 3). These
innovations have reduced the size of equipment and
achieve the industry’s smallest installation footprint
(Refer to “‘PVI1500CJ-3 /2500’ 1,500-V DC PCS for
Mega Solar Systems” on page 16).
In the N700S Series Shinkansen train, we designed the main transformer with lower copper loss,
used aluminum wires for the windings, and adopted
a unit-type cooling system, all of which resulted in
a 12% smaller and 10% lighter main transformer.
(Refer to “Power Electronics Equipment for Railcars

Fig.3 Cooling structure of PCS for mega solar
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to improve productivity in production facilities, industrial plants, and infrastructure through the use
of power electronics and control technologies.
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Fig.4 Configuration of the “FRENIC-RHC Series”
transformerless parallel system

Contributing to Safe, Secure, and Comfortable
Public Transportation in the World” on page 21).
(3) Power electronics equipment systems
To respond to the need for even larger capacity,
we arrange multiple pieces of power electronics
equipment in parallel. In order to mitigate cross
currents and current imbalances that occur between parallel equipment, it is common to install
them in parallel via output transformers or reactors. However, output transformers and reactors
are large and heavy objects. In medium-frequency
induction furnaces, Fuji Electric has suppressed the
current imbalance caused by the parallel connection
of multiple main circuit stacks to a sufficiently small
level by connecting them at the shortest distance.
This eliminates the need for current-balancing reactors. As a result, we reduced the width dimensions of the panel by approximately 25% compared
to a conventional panel with the same power supply capacity (Refer to “‘F-MELT100G Series’ HighEfficiency, Medium-Frequency Induction Furnace”
on page 11).
In the FRENIC-RHC Series of PWM converters,
by connecting each multiplexed unit with an optical fiber for high-speed serial communications (see
Fig. 4), the phase of the current on the input side of
each converter is controlled in an identical phase,
enabling up to four units to be installed in parallel without a transformer (Refer to “‘FRENIC-RHC
Series’ High Power Factor PWM Converters with
Power Regeneration Function” on page 40).

3. Technology and Product Development to
Support Productivity Improvement
Improving productivity means making the most
effective use of an organization’s management resources to produce maximum results with minimum
investment. In this chapter, we describe our efforts

In order to improve the production efficiency of
production facilities and industrial plants, it is important not only to operate the equipment at high
speed, but also to have the equipment be responsive
to operations. Fuji Electric has further developed
its control technology for general-purpose inverters
and servo systems used in production facilities and
industrial plants, while greatly improving their responsiveness.
The “FRENIC-MEGA (G2) Series” uses a faster
micro controller unit (MCU) to further enhance the
original motor control technology that we have cultivated to date, and has achieved a current response
of 100 Hz or higher and a speed response of 200 Hz
or higher, which is twice as fast as previous models.
Its high responsiveness reduces the effects of disturbances on machines and ensures stable, high-speed
operation. “ALPHA7 Series” servo systems have
improved their frequency response from 1,500 Hz
to 3,200 Hz and achieved a positioning control setting time of less than 1 ms by further enhancing the
control algorithm developed for conventional servo
systems. They can improve the mechanical performance of equipment that require short takt time
and high precision.
At the same time, the motor shaft output is connected to the mechanical system. For example, in
a springy structure such as a robot arm, vibration
may be generated at the tip of the workpiece during rapid acceleration and deceleration of the motor.
Simply achieving high speed and high responsiveness does not improve production efficiency if there
is a long waiting time before the vibration at the
tip of the workpiece is attenuated. Therefore, the
ALPHA7 Series has revised the vibration suppression control system for suppressing vibration at the

issue: Power Electronics Contributing to Energy Saving, Compactness, and Increased Productivity
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Fig.5 Block diagram of new “ALPHA7 Series” vibration
suppression control system
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tip of the workpiece (see Fig. 5) to reduce vibration
by approximately 50% compared to conventional
vibration suppression control systems. This has
contributed to improved equipment production efficiency.
In this way, by developing power electronics
equipment with advanced functions and performance, we are contributing to the improvement of
production efficiency and productivity of production
facilities and industrial plants.
3.2 Improved reliability through diagnostic technology
and redundancy

In order to improve the reliability of production facilities and industrial plants, Fuji Electric
has been providing power electronics equipment
with excellent environmental resistance and compliance with functional safety standards to enable
customers to build highly reliable systems. The
FRENIC-MEGA (G2) Series applies a full coating
to the printed circuit board to provide it with an environmental resistance rating of Class 3C2*3 as defined by JIS 60721-3-3 / IEC 60721-3-3. Moreover,
the ALPHA7 Series comes standard with the safe
torque off (STO)*4 functionality specified in the
functional safety standards IEC 61800-5-2 / IEC
61508 (SIL3) and ISO 13849-1 (PL-e). By combining the ALPHA7 Series motor with the safety option (WSU-ST1), it supports safety functions such as
Safe Stop 1 (SS1)*5.
It is important not only to install power electronics equipment that makes use of these measures, but also to quickly detect signs of abnormality
and problems in the entire facility to ensure systematic preventive maintenance.
The FRENIC-MEGA (G2) Series estimates the
life of IGBT modules as key devices of inverters
based on the inverter’s operating conditions (accumulated load, temperature, etc.) and notifies operators that maintenance is required before the module
reaches the end of its life. In addition, it can estimate the deterioration of the cooling performance
of the inverter caused by clogged cooling fins based
on the temperature inside the inverter measured
by the temperature sensor, and notifies operators
that cleaning or inspection is necessary. By notifying the upper-level control system of such signs of
abnormality in the power electronics equipment using communications functions compatible with vari-

*3 Class 3C2:

These are the environmental conditions specified in JIS C60721-3-3 (IEC
60721-3-3). This refers to locations with
normal levels of pollution that occur in urban areas where industrial activities are
dispersed throughout the region or where

8

ous communications protocols, and by encouraging
operators to take measures such as maintenance,
it facilitates the building of highly reliable systems
that incorporate functions to prevent sudden system
shutdowns.
In addition to diagnosing the signs in power
electronics equipment, the ALPHA7 Series includes
a load torque monitoring function to extract the
load torque, which does not include acceleration and
deceleration torque or friction and gravity torque,
from the command torque. This function can be
used to detect abnormalities such as collisions with
machinery and equipment and mitigate the impact
of collisions with machinery to prevent serious damage (see Fig. 6). Furthermore, this function can
help determine machining defects due to abnormal
torque, preventing the outflow of defective products
and contributing to quality improvement (Refer to
“‘ALPHA7 Series’ Servo System: New Functions and
Application Examples” on page 54).
Moreover, in industrial plants and infrastructures, DC power needs to be supplied to systems
consisting of various types of information equipment, in addition to drive equipment. To ensure
stable operation of these systems, Fuji Electric has
developed a power supply for control panels that
comes with built-in redundancy functions and facilitates connection to equipment using connectors. If
necessary, it can provide highly reliable DC power
using the power supply’s built-in redundancy function or a redundant unit installed externally to
the product (Refer to “AC-DC Power Supplies for
Control Panels” on page 30).
Systems that make use of products that support these types of predictive diagnostics and redundancy functions are highly reliable and increase

Keeps pushing
even if collided
Collision

(a) Without load torque
monitoring function

(b) With load torque
monitoring function

Fig.6 Interference detection using the load torque
monitoring function of the “ALPHA7 Series”

there is heavy traffic.

*4 STO:

Collision

Automatically
moves in the
opposite direction
when collision is
detected

This refers to a safety function defined
by the IEC that immediately stops the motor.

*5 SS1:

This refers to a safety function defined
by the IEC that allows the motor to decelerate to a stop and then operate in STO mode.
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3.3 Easier maintenance through improved maintainability

Although the implementation of preventive
maintenance through the aforementioned diagnostic
functions and redundancy can greatly improve the
reliability of the overall system, it is difficult to completely prevent accidental failures caused by operating conditions and the operating environment. Fuji
Electric is working to reduce equipment downtime
caused by accidental failures and faults caused by
the operating environment.
(1) Traceback function
In the event that a power electronics device
should fail, we provide tools to quickly identify the
location and cause of the failure. For example,
many types of power electronics equipment, such
as those in the “FRENIC-MEGA (G2) Series” and
“FRENIC-RHC Series,” come with traceback functions. The traceback function acquires and records
time series data of internal and external conditions
immediately before and after an alarm occurs in the
power electronics equipment. The recorded time series data can be read out using the “FRENIC-Loader
4” PC support tool to check the waveforms immediately before and after alarms (see Fig. 7). This
makes it easier to identify the location of failures
and reduces the time required for maintenance and
equipment downtime. Moreover, since this makes
it easier to identify the cause of failures, it can be
effectively used as a measure to prevent recurrence (Refer to “‘FRENIC-MEGA (G2) Series’ High-

Performance, Multifunctional Inverters” on page
34).
(2) Unitization of the main circuit of high-capacity
power electronics equipment
In high-capacity power electronics equipment,
the main circuit part, which is an important limitedlife component, is unitized so that they can be easily
replaced. If the circuit is diagnosed as needing replacement by the aforementioned lifespan diagnosis
function, or if it fails due to accidental factors, it can
be replaced as a unit. This enables quick recovery
for user facilities. In addition, casters are placed at
the bottom of heavy units to make them easy to pull
out and replace.
(3) Retrofit*6
In industrial plants and infrastructure, the replacement of equipment that uses power electronics products housed in a large panel can require
long-term shutdowns of customer facilities if the
replacement work starts from the foundation work.
Moreover, depending on the installation location, it
may not be possible to carry in the panel due to the
narrow entrance way for materials. To solve this
problem, Fuji Electric developed retrofit products
(see Fig. 8) that do not require replacing the entire
panel, but only the inverter cells, control stack,
and some electrical components that have limited
life cycles. These products can shorten the time
required to replace equipment (Refer to “Retrofit
Components for ‘FRENIC4600FM4 Series’ MediumVoltage Inverters” on page 45).

(1) Inverter cell

(to be replaced)
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equipment availability and productivity.

(2) Control stack

(to be replaced)

Overcurrent alarm was issued
Output frequency

Current
(3) Input transformer

No need to replace it

Alarm issuance information
Tracing setting information

Waveform immediately
before the alarm was issued

Fig.7 Traceback function of the “FRENIC-MEGA (G2)”

*6 Retrofit:

This term originated in the United
States in the 1960s and has been used to
refer to the modification of general-purpose

No need to replace the panel

Fig.8 Image of medium-voltage inverter retrofit

machine tools to convert them into NC machines. Recently, the term has been used in
a broader sense to describe the process of
matching new and old products to improve

functionality, or the refurbishing or modification of an old model product to make it a
new model.
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By making it easy to identify the location and
cause of failures in power electronics equipment,
and by facilitating the replacement of main circuit
parts that are prone to failure, we are able to improve the productivity of industrial plants and infrastructure through the reduction of customer equipment downtime caused by accidental failures.

Fuji Electric will continue to develop highly efficient and compact power electronics equipment. We
are also determined to contribute to the realization
of a sustainable society by promoting energy saving
and increased productivity in the fields of industrial
plants and infrastructure through the use of predictive diagnosis technology, IoT, and AI.

4. Postscript
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In this paper, we gave an overview of Fuji
Electric’s efforts in power electronics that contribute
to energy saving, compactness, and increased productivity.
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“F-MELT100G Series” High-Efficiency, MediumFrequency Induction Furnace
TANAKA, Katsuhisa *   MATSUNAGA, Kazuhisa *   YAMAMOTO, Katsuya⁑   

The recent growth in automobile production has increased the demand for medium-frequency induction furnace
used in production of casting parts. In addition, the increase in the stringency of energy saving regulations in various countries has created a greater need for high efficiencies and large capacities. Fuji Electric has developed the
“F-MELT100G Series,” which comes with a high-voltage IGBT stack and high-efficiency furnace body that improves
the melting consumption rate. These enhancements reduce electricity consumption, and a wide range of products
are available with a power supply capacity of up to 20 MW. Moreover, this series is equipped with a direct digital control unit with self-check and RAS functions, enabling it to stabilize operations for systems and to quickly identify the
cause of failures.

1. Introduction
Medium-frequency induction furnaces heat metals
to one thousand and several hundred degrees Celsius
to melt them by using electromagnetic induction produced by alternating current of several hundred Hertz.
It is widely used as manufacturing equipment for casting parts used in automobiles or machines. In recent
years, with the increase of automobile production in
China, the demand for medium-frequency induction
furnaces is increasing. In addition, the stringency of
energy saving regulations in various countries has created greater needs for the functions such as improved
maintainability and preventive maintenance as well
as for higher efficiency and larger capacity. In order
to satisfy such needs not only in Japan but also in
overseas, especially China and Southeast Asia, Fuji
Electric has developed the “F-MELT100G Series” highefficiency, medium-frequency induction furnace. This
paper describes the F-MELT100G Series, which offers
furnace body capacity that has reduced equipment loss
(conduction power loss caused by an induction furnace)
and can melt metals of 3 to 30 t with a wide range of
power supply capacities from 3 to 20 MW.

Fig. 1). The melting process, in particular, accounts for
approximately 60% of the amount of power consumption in cast manufacturing. Reducing the amount is
one of the management challenges in the pig iron and
cast manufacturing industries.
The amount of power consumption in the melting
process is typically expressed by Expression (1).
Amount of power consumption =
Melting energy + Equipment loss +
Operation loss......................................................... (1)
Melting energy: Energy

required for melting metal
Equipment loss: Conduction power loss caused by
an induction furnace (challenge
to the manufacturer)
Operation loss: Power

that does not contribute to
metal melting, such as standby
power and the power used for excessive heating of molten metal
(challenge to the user)
10.0
8.7

8.0

2. Reality of Power Consumption in a Cast
Production Process
(%)

6.0

The pig iron and cast manufacturing industries
are energy-consuming industries where the ratio of
the power consumption charge required for production
to the shipment value is 10 times or higher compared
with general machinery manufacturing industry(1) (see
*	Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
⁑ Fuji Electric FA Service Co., Ltd.

4.0

4.0

1.7

2.0
0.7

0

Pig iron and
cast manufacturing
industry

0.7

Steel
Automobile and General
industry its accessory machinery
manufacmanufacturing
turing
industry
industry

Chemical
industry

Fig.1 Ratio of power consumption charge to shipment value
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ABSTRACT

Consequently, reducing the amount of power consumption in the melting process requires the reduction
of equipment loss and operation loss.

3. Features of the “F-MELT100G Series”
This chapter describes the features of the “furnace body,” which is the main component of the
F-MELT100G Series and melts metal, the “mediumfrequency power supply,” which supplies mediumfrequency current of several hundred Hertz to the furnace body, and the “direct digital control unit,” which
is a new instrument added to the medium-frequency
power supply.
3.1 Features of the furnace body

(1) Structure of the furnace body
The power loss of the furnace body, which melts
metals with electromagnetic induction effect,
accounts for approximately 70% of the overall equipment
loss. As shown in Fig. 2, the furnace body consists of
a fire-resistant container (crucible) to contain iron or
other materials to be melt, an induction coil positioned
around it, and iron cores arranged along the outer
periphery of the induction coil. The shapes and positional relationship of these components will greatly
affect the power loss. Therefore, we used the furnace
body structure shown in Fig. 2 and conducted electromagnetic field analysis by considering the amount of
molten metal (volume) that changes from the start of
the melting process through the heating process during which additional metal was fed until the specified
temperature was achieved. To ensure the effective use
of the power supplied to the induction coil, we modified
items such as the diameter and height of the coil, the
gap between the turns of the coil, and the shape of the
iron core to create a unique induction coil structure.
The iron cores arranged along the outer periphery
of the induction coil will help optimum distribution of
magnetic flux and also serves as a supporting structure
to suppress thermal expansion generated radially in
Induction coil

Iron core

the crucible as the temperature of molten metal rises.
As shown in Fig. 3, the iron cores had been fixed to
the furnace frame with refractory cement in the conventional structure. There was a problem of increased
loss when the crucible caused thermal expansion because the silicon steel plate that made up the iron core
would deform. To prevent it, we changed the structure
so that the iron cores are indirectly fixed to the furnace
frame. This suppresses the internal stress generated
in the iron core when the temperature rises compared
with the conventional structure and prevents the increase of core loss.
(2) Furnace body supporting higher voltage
In view of the recent changes in the environment
surrounding companies, the expansion of the large
furnace market is expected due to the changeover
to induction furnaces that can reduce CO2 emission
compared with coke ovens. As for the F-MELT100G
Series, the range of power supply capacities has been
expanded from conventional 8 MW to the maximum of
20 MW. The voltage applied to the induction coil has
been increased to 6 kV, two times higher than the conventional models, to suppress the wiring loss caused
by the main circuit current that increases with the increased capacity. However, when high voltage was applied to the conventional isolation structure, there was
a problem of partial discharge between the end of the
iron core and induction coil, as shown in Fig. 4.
To solve the problem, we changed the insulation
to the one that not only can extend the insulation distance but also causes less change in relative permittivity and less decrease in volume resistivity even in the
high-temperature, high-humidity and dusty use environment of induction furnaces. This insulation also
has better flexibility and bending performance. We
used the insulation to entirely wrap around the outside
of the induction coil. With the conventional model, the
partial discharge would start when the applied voltage
becomes 6 kV as shown with ◎ in Fig. 5. It, however,

Melting
metal

Refractory
cement

Melting
metal

Refractory
cement

Furnace body
Semi-fixed

Fixed

Iron core

Iron core

Induction coil

Induction coil

Furnace frame

Furnace frame

Semi-fixed
Crucible
Insulation

Crucible

Melting
metal

50%
molten metal

100%
molten metal

Electromagnetic analysis simulation

Fig.2 Furnace body structure and electromagnetic analysis
simulation example
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Fixed

Crucible
Refractory cement

(a) F-MELT100G

Refractory cement
(b) Conventional furnace

Fig.3 Comparison of iron core fixing structures
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Conventional IGBT stack
800 V AC, 750 kW

Iron core
Iron core
insulation

New IGBT stack
2,000 V AC, 1,500 kW
2 inputs, 1 output

1 input, 1 output

Induction
coil

1,700 V devices
× 12

Partial
discharge

1,700V devices
× 24

Induction coil
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Insulation entirely wrapping
around the outside of the induction coil
(a) F-MELT100G

1,700 V devices
× 12

Insulation

(a) Circuit configuration changed from the conventional model

Iron core

(b) Conventional furnace

Fig.4 Location of partial discharge

Electric charge of
partial discharge (pC)

Partial discharge occurred

Conventional structure

10,000

1,000

F-MELT100G

100

(b) High-voltage IGBT stack
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Fig.6 High-voltage IGBT stack and its circuit configuration
1

0

1

2

3

4

5

6

7

8

9

10

Applied voltage (kVrms)

Busbar for connecting the
main circuit

The lengths of the busbars
connecting the smoothing
capacitor and IGBT modules
are uniform.
(The distance between A1 and
B1 and the distance between
A7 and B7 are the same.)

Fig.5 Comparison of occurrence and electric charge of partial
discharge depending on the insulation method
Connection with the
smoothing capacitor

has been improved to 10 kV or higher.

A1
A7

3.2 Features of the medium-frequency power supply

(1) New IGBT stack
In order to make the F-MELT100G Series have
power supply capacities from 3 to 20 MW, we developed a high-voltage insulated gate bipolar transistor
(IGBT) stack with a new structure. Figure 6 shows
the high-voltage IGBT stack and its circuit configuration. To streamline the installation and replacement
work, we developed a unit that integrate a highvoltage IGBT stack with an inverter equipped with
IGBT modules, a capacitor for smoothing direct current, and busbar for connecting the main circuit. If the
lengths of busbars connected to the modules are different, the wiring impedances will differ greatly during
medium-frequency drive, resulting in significant current imbalance. In this high-voltage IGBT stack, we
suppressed the difference in the wiring impedances by
arranging the IGBT modules and smoothing capacitor
so that the distances between them would be the same
(see Fig. 7). As shown in Fig. 8, we also designed it to
be easily stored in the panel and save space.
(2) Increased capacity resulted from high voltage design

Smoothing
capacitor

B1

B7

IGBT module

Fig.7 Locations of IGBT modules and smoothing capacitor

2,000 mm

Fig.8 High-voltage IGBT stack and power supply panel

“F-MELT100G Series” High-Efficiency, Medium-Frequency Induction Furnace
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Two full-bridge circuits have been connected in
series to support high voltage. This has doubled the
power supply capacity of one stack with the same number of IGBT modules (750 kW → 1,500 kW).
(3) Miniaturization of the power supply panel
The high-voltage IGBT stack suppresses the current imbalance caused by the parallel connection of
multiple stacks to small enough values by connecting
them at the shortest distances. This has eliminated
the need of a current balancing reactor. When compared with the stack of the same power supply capacity, the width of the power supply panel has been
reduced from 2,670 mm of the conventional model to
2,000 mm as shown in Fig. 8.
(4) Improved maintainability
In terms of operating rate, it is important how to
reduce downtime when equipment fails in the production site. If an induction furnace, which is in the upperstream process in a casting factory, should stop, it
greatly affects the operation of the entire factory.
As a measure of reducing the work time before recovery, the heavy high-voltage IGBT stack weighing
approximately 300 kg has been provided with casters
so that it can be pulled out easily from the power supply panel. This has reduced the time for replacement
work to half compared with the conventional model.
The replacement can be done only from the front side
of the panel. The maintenance space on the rear side
of the panel, which was required for the conventional
model, is no more necessary.
(5) Pre-start self-diagnostic function
Daily checks are critical to prevent recurrence of
failures and to ensure stable operation of the equipment. The inspection of resistance or voltage of inverter’s gate drive circuit or other components, in particular, had required special instruments and expertise. The F-MELT100G Series includes a new function
to conduct self-diagnosis of equipment failure before
starting operation. This function allows easy selfcheck of the gate drive circuit and driving power supply to reduce daily inspection work.
3.3 Direct digital control (DDC) unit

In order to avoid overcurrent and overvoltage, the
medium-frequency power supply for induction furnaces
should respond quickly to the abrupt fluctuation in
the load impedance caused by the change in the thermal resistance of the materials being molten. Since
the conventional products were controlled digitally
with microcomputers, their response speed was slow
and they could hardly handle abrupt load fluctuation.
For the F-MELT100G Series, the direct digital control
(DDC) using the combination of a field programmable
gate array (FPGA) and a microcomputer is coupled
with high-speed control software to digitize the inverter control for the induction furnace, resulting in
improved responsiveness. Figure 9 shows the external
appearance of the DDC unit.
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(a) DDC unit

(i )

(iii)
Output current

Smoothing
capacitor

(ii)

Induction Resistor
coil

(iv)

Output voltage
Intermediate
voltage

Resonant capacitor

(b) Inverter circuit configuration

Fig.9 Features of the direct digital control (DDC) unit

(1) Faster active power calculation function
The method of active power calculation to make
power control faster is as follows: When (i) and (iv) in
Fig. 9(b) operate, the output voltage will be +2,000 V.
When (ii) and (iii) operate, the output voltage will be
-2,000 V. We then added up the instantaneous values of the output current and output voltage respectively every 3 μs as shown in Fig. 10 to obtain the
power. Then we averaged the power value by using
a 30-ms low-pass filter to calculate the average power.
The calculated average power has been set as the PV
(feedback) value for the constant power control. This
calculation using FPGA has allowed active power calculation which took 1 s with a microcomputer to be
completed within 30 ms. Furthermore, unlike conventional analog control that did not allow us to use control values as data, the DDC has allowed us to accumu-

Power
calculation

Average
power

Output
current
Output
voltage
Power calculation waveform 30 ms

Fig.10 Waveform of high-speed power calculation
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* MODBUS is a trademark or registered trademark of
Schneider Automation, Inc.

Failure occurs

Failure analysis
(Failure sign
monitoring)

MODBUS*2-RTU

PC
Ethernet*1

PLC
*1 Ethernet: A trademark or registered trademark of FUJIFILM Business Innovation
Corp.
*2 MODBUS: A trademark or registered trademark of Schneider Automation, Inc.

Fig.11 Remote monitoring function (connection of the DDC
unit and a PLC)

for changing the supplied power in accordance with the
progress of the downstream casting process, the power
distribution to respective furnaces can be controlled
quickly, ensuring effective operation.

4. Postscript
This paper described the details of the
“F-MELT100G Series” high-efficiency, mediumfrequency induction furnace. Fuji Electric will continue our efforts also in the future to solve the challenge to the user for the reduction of energy consumption in the melting process described at the beginning
of the paper. We are determined to contribute to the
productivity and stability improvement in the casting
industry by developing and commercializing the functions to improve production efficiency in the entire
casting factory through the use of IoT as well as the
preventive maintenance functions to predict abnormalities from the operation conditions of the equipment.

“F-MELT100G Series” High-Efficiency, Medium-Frequency Induction Furnace
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late control values as data through the communication
with a programmable logic controller (PLC) and then
use it for the analysis of the operating condition.
(2) RAS function
In order to reduce the equipment downtime required to investigate the cause when any failure occurs, the F-MELT100G Series has a reliability availability and serviceability (RAS) function on the DDC.
This function continues recording of operation data
such as the inverter output voltage and current values
and gate signals on the RAM. When a failure such as
short-circuiting or ground fault of the induction coil
occurs, the operation data before and after the failure is automatically saved on the electrically erasable
programmable read-only memory (EEPROM). By connecting a PC to the DDC unit, you can monitor the
waveforms before and after the failure so that you can
identify the cause of the failure easily. The DDC unit
also has a communication function using MODBUS*RTU. By connecting a PLC as shown in Fig. 11, you
can check the status of occurred failure remotely.
This function can reduce the number of site visits by
service staff. Compared with the conventional model
that could not provide sufficient failure data, the time
required to determine the cause can be reduced significantly.
(3) Simultaneous control of multiple furnaces
The casting process using medium-frequency induction furnaces requires power distribution to prevent the total power of the furnaces from exceeding the
upper limit specified in the power contract. The DDC
of the F-MELT100G Series controls the power values
of multiple furnaces in different stages such as one furnace has completed metal melting and keeps temperature during tapping and casting and the other furnace
starts melting operation. Even when there is a need

“PVI1500CJ-3/2500” 1,500-V DC PCS for Mega
Solar Systems
KUZE, Naoki *   MORISHIMA, Yosuke *   
ABSTRACT
In recent years, it has been anticipated that the market for renewable energy equipment, including solar cells, will
increase throughout the world. Fuji Electric has developed a high-voltage high-capacity power conditioning system
(PCS) for overseas markets that has an input voltage of 1,500 V DC and an output capacity of 2.5 MW. The PCS
comes with an outdoor panel structure that complies with IP55 dustproof and waterproof standards. In addition, it
has achieved a smaller installation footprint through its improved cooling performance and optimized layout of the
components. In order to meet the expected growth of the Southeast Asian market, the PCS meets grid interconnection codes in Thailand and the Philippines.

1. Introduction
The newly added generating capacity of solar
power generation systems has been increasing worldwide. It is expected that the capacity of 94,000 MW in
2017 will increase to 154,000 MW in 2022.(1) Asia accounts for more than 60% of the total capacity. Large
growth is expected especially in Southeast Asia and
India.
Fuji Electric has been providing 1,000-V direct current (DC), 1-MW power conditioning systems (PCSs)
for solar power generation by mainly targeting the
Japanese market.(2) In view of the increasing demand
outside Japan, we are considering the entry to overseas markets.
This paper describes the features, functions and
performance of the “PVI1500CJ-3 /2500,” a 1,500-V
DC PCS for mega solar systems developed for overseas
markets.

Fig.1 “PVI1500CJ-3 / 2500”

2.2 Supporting of 1,500 V direct current

2. Features
Figure 1 shows the external appearance of the
PVI1500CJ-3 /2500.
2.1 PCS with larger capacity

The equipment capacity of this PCS has been
increased from 1 MW of the conventional model to
2.5 MW. Increasing the capacity while suppressing the
increase in size of each PCS unit as much as possible
allows reduction in the number of PCSs and the installation footprint.

In general, increasing the number of solar panels
connected in series to support high voltage can reduce
the number of columns of panels connected in parallel.
This reduces the number of junction boxes and direct
current cables used for each branch, resulting in the
cost reduction of the PCS auxiliary equipment. Consequently, high voltage solar power generation systems
with 1,500 V DC are increasing. To respond to the
situation, our PCS has also moved to support higher
input voltage of 1,500 V DC from 1,000 V DC of the
conventional model.
2.3 Outdoor panel structure

*	Power Electronics Systems Energy Business Group, Fuji
Electric Co., Ltd.
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Fuji Electric has already adopted dustproof and
waterproof outdoor panel structure with a degree of
protection of IP55. When a PCS installed outside without using a enclosure is compared with an indoor panel

2.4 Compliance with global grid interconnection codes

In order to respond to the demand in Southeast
Asia, this PCS complies with the grid interconnection
codes in Thailand and the Philippines, PEA Interconnection Code and Philippine Grid Code, respectively.
The setting of the PCS can be switched to ensure compliance according to the destination country.

Type

Duty

Figure 2 shows the circuit configuration of the PCS.
The capacity of 2.5 MW has been achieved through the
parallel run of three 833-kW inverter units. The PCS
conducts the maximum power point tracking (MPPT)
control so that the output power of the solar cells is
kept maximum at all times. We calculated the input
voltage range where the MPPT control is possible and
set it between 915 and 1,350 V DC. The output voltage
is 590 V AC and is boosted with the interconnection
transformer located outside the PCS panel before the
connection to the grid.
The inverter unit uses the I type, NPC3 level inverter circuit to operate at 1,500 V DC. As shown in
Fig. 3, when compared with the T type, A-NPC3 level
circuit, this circuit can reduce the voltage applied to
each insulated gate bipolar transistor (IGBT) from
88.0% to 62.5% of the device rating. The higher the
voltage applied to an IGBT, the more the risk of chance
failure caused by cosmic rays increases. We therefore

Conventional model

I type NPC 3 level

T type A-NPC 3 level

1,200 V × 2 in series

Main: 1,700 V
Intermediate: 1,200 V

1,500 V / (1,200 V × 2)
= 62.5%

1,500 V / 1,700 V
= 88%

Circuit

Device

3. Equipment Configuration

PVI 1500CJ-3/2500

Fig.3 Inverter circuit configuration

selected the I type, NPC3 level inverter circuit to improve reliability.

4. Equipment Specifications
Table 1 shows the equipment specifications of the
PCS. As described earlier, input voltage is 1,500 V DC,
power capacity is 2.5 MW, and the operating temperature range is -10°C to + 57°C (- 20°C to + 57°C with
cold region option). To protect the parts inside, the
output is suppressed when the ambient temperature
is 40°C or higher. To ensure operation even in hot environment of Southeast Asia, we designed the PCS so
that it can output 90% of the rating even at the temperature of 50°C.

Power conditioning system
Solar cell 1

Direct current
input breaker

Solar cell 2

Direct current
input breaker

Solar cell 3

Direct current
input breaker

PWU1

PWU2

PWU3

Inverter 1
AC filter

Inverter 2

Low voltage air
circuit breaker
Commercial
power grid
High-voltage
TR

LBS

AC filter

Inverter 3
AC filter
PWU: Power unit
TR: Transformer
LBS: Load break switch

Fig.2 PCS circuit configuration

“PVI1500CJ-3/2500” 1,500-V DC PCS for Mega Solar Systems

17

issue: Power Electronics Contributing to Energy Saving, Compactness, and Increased Productivity —Energy Saving and Size Reduction

structure where a PCS is installed inside a container
and the surrounding temperature is controlled with an
air conditioner, the outdoor panel structure achieves
efficiency of approximately 1.5% higher because it does
not entail the power loss caused by the air conditioner
while the efficiencies of the PCSs themselves are the
same.

Table 1 Equipment specifications
Item

99

Specification

98

Direct current voltage range

840 to 1,500 V

97

MPPT range

915 to 1,350 V

*1

Maximum input current

2,788 A

Alternating current voltage

590 V (-12% to +10%)

Efficiency (%)

2.5 MW

Capacity

96
95
94

50 /60 Hz

93

Power factor

0.99

92

Harmonic distortion

5%

91

Maximum efficiency*2

98.70%

90

*3

Euro efficiency

98.50%

Internal power supply capacity

3,000 W or less

Frequency

Stand-by loss

350 W or less

Dustproof /waterproof standard

− 10°C to +57°C

Operating temperature

5. Equipment Operation
5.1 Improved power generation

The output from solar cells fluctuates and is not
always constant depending on solar irradiance, module temperature and other conditions. To increase the
amount of power to be generated, it is necessary to
improve the accuracy of the MPPT control and the conversion efficiency of the PCS.
The PCS conducts the MPPT control by using the
hill-climbing method, which gradually changes the output voltage from the solar cells gradually by the specified voltage change range so that the output power
(current × voltage) from the cells becomes larger. In
addition, the PCS is provided with the sweep mode
function as shown in Fig. 4.

Operation voltage during the sweep mode
Operation voltage after the sweep mode ends
Operation voltage of the hill-climbing method
Even if the maximum power point deviates due to the change
in the solar irradiance of the solar cells, the deviation is
corrected with the hill-climbing method.

Power (W)

(3)

Maximum
power point

(2)
Solar
irradiance:
High

Solar
irradiance:
Low

(1)

Voltage (V)

Fig.4 Sweep mode function
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With quantity control function

0

20

40

60

80

100

Output (%)

Fig.5 PCS efficiency curve

IP55

*1 MPPT: Maximum power point tracking
*2 Maximum efficiency: IEC 61683 efficiency tolerance, not including internal
power supply
*3 Euro efficiency: 90% output at 50ºC in temperature derating at 40ºC or
higher

MPPT operation
lower limit value

Without quantity control function

(1) When the operation starts, the PCS automatically
enters the sweep mode to change the output voltage from the solar cells to the MPPT operation
lower limit value by the specified voltage change
range at the specified speed [see Fig. 4(1)].
(2) When the voltage reaches the MPPT operation
lower limit value, it returns to the operation voltage that led to the maximum power during the
sweep [see Fig. 4(2)].
(3) After that, the PCS continues operation at the optimal voltage based on the hill-climbing method
until it stops [see Fig. 4(3)].
With the sweep mode, the PCS can find the maximum power point even in the solar cell configuration
of which the output characteristic of the solar cells has
two peaks, resulting in increased amount of power generation.
Furthermore, to improve the conversion efficiency
of the equipment, this PCS offers the quantity control
function to limit the number of inverter units to be
used under low load. Reducing the number of inverter
units to be used under low load has reduced the noload loss and improved the efficiency under low load.
Figure 5 shows the difference in the efficiency with and
without the quantity control function. The efficiency
can be improved by approximately 0.6% when the load
factor is 20% and 1.6% when the load factor is 10%.
5.2 Outdoor panel structure and thermal cooling of the
components

As for PCSs installed in outdoor environment, it is
necessary to protect the precision instruments, such as
inverter units and control parts, from outdoor environments. It is also necessary to discharge the heat produced from the PCS. In order to address these issues,
we divided the inside of the panel into an airtight area
and an outside air area as shown in Fig. 6. The precision instruments are stored in the airtight area and
isolated from the outside air environments. The heat
from the parts generating low heat, such as control
substrates, is dissipated with heat exchangers which
cool the airtight area. As for IGBTs and other parts
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Grid voltage between 3 lines

Outside air area

Period of 0% remaining voltage

Heat exchanger

Heat exchanger
Control equipment
Discharge

Discharge

Intake

Intake

Grid voltage

1,000 V

Internal rear view

0V

−1,000 V

θ VAC

When the remaining voltage is 0%, θ VAC is
0 and cannot be used as a current phase.

θ VAC 0%
θ PLL 0%

Cool air

θ PLL

(a) Division into an airtight area and an outside
air areaCooling structure of the airtight area

Fig.8 Comparison of current phase θ at voltage drop

Internal side view

pacity.
5.3	Grid compensation (DVS: dynamic voltage support)
function

Intake

Reactor

Control equipment

Heat sink

Fan
Discharge

(b) Cooling structure of the outside air area

Fig.6 PCS cooling structure

generating high heat, only their heat sinks are exposed
to the outside air area and cooled with outside air.
In the Asian markets, low cost is also an essential requirement. While the conventional model used
four inverter units, this PCS uses three units with increased capacity per unit. This prevented the increase
of the equipment volume and installation footprint. In
order to address the increase of the heat produced from
the units, we conducted wind velocity simulation as
shown in Fig. 7 and addressed the issue by improving
the cooling air path and increasing the flow rate of the
fans.
This PCS has the smallest class installation footprint in the industry among the PCSs of the same caSpeed
Fast

Heat sink

Discharge

PCSs are required to continue operation specified
in the standards and codes even when an accident occurs in the grid such as three-phase short-circuit or
two-phase short-circuit. The Philippine Grid Code, the
grid interconnection code in the Philippines, for example, requires the DVS function that will perform grid
compensation during three-phase short-circuit. The
PCS must output current to the power grid in accordance with the voltage remaining in the grid (remaining voltage).
The current control of the PCS uses θ VAC which
is the current phase calculated from the grid voltage.
When, however, the grid voltage is 0% as shown in
Fig. 8, the PCS cannot output current because it cannot calculate current phase θ VAC. In such a case, the
PCS uses a phase-locked loop (PLL) circuit to calculate
θ PLL, which is the current phase before the voltage
drop, and switches phase θ to be used for the current
control to phase θ PLL.
When the operation with 0% remaining voltage
was verified with function verification unit (23 kVA),
the PCS output current in accordance with the voltage
drop and satisfied the requirements of the standard
compliance test. Improving the control in this way
allows the PCS to output current even when the grid
voltage is 0%.

Fan

6. Postscript
Control equipment

Slow

Intake

This paper described the “PVI1500CJ-3 /2500,”
1,500-V DC PCS for mega solar systems. The energy
demand is increasing worldwide and the expectation
for solar cells and other renewable energies, in particular, will likely grow further in the future. Fuji Electric
is determined to contribute to measures against global
warming by promoting this product in the Southeast
Asian market where future expansion is expected.

Fig.7 Wind velocity simulation result

“PVI1500CJ-3/2500” 1,500-V DC PCS for Mega Solar Systems
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Airtight area

(2)
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Power Electronics Equipment for Railcars Contributing to Safe,
Secure, and Comfortable Public Transportation in the World
FUJITA, Kenji *

KOBAYASHI, Nobuyuki *

Fuji Electric provides traction equipment and electric door systems for railcars that utilize the latest power electronics technology. We have developed compact and lightweight on-board equipment with low-power consumption to
save energy and fully active damper drive systems to improve passenger comfort. In addition, we have reduced the
failure rate and enhanced the safety of our electric door systems by improving the component configuration and the
maintenance processes. We have been actively promoting these products in Japan and overseas markets, such as
North America and Asia, and are pursuing to meet overseas standards and to increase local production.

1. Introduction
In order to prevent global warming, various efforts are being made worldwide to reduce greenhouse
gas emissions. Transportation-related CO2 emissions
account for approximately 20% of the total CO2 emissions in Japan. The automotive sector, which accounts
for a large portion of the emissions, is rapidly becoming electrified. In addition, railways are an economical means of mass transportation with a small environmental impact that continue to evolve toward the
development of a sustainable society by increasing the
speed of railcars and achieving weight and energy savings of railcars.
Fuji Electric is contributing to the realization of a

sustainable society by reducing environmental burdens
through the supply of the latest power electronics products for use in railcars. In this paper, we describe electrical equipment for railcars, such as traction equipment for railcars (main power converters, traction motors, and main transformers), fully-active damper drive
systems, and electric door systems, as shown in Fig. 1.

2. Downsizing and Weight Reduction of Traction
Equipment for Shinkansen Trains
To achieve energy saving in railcars, it is essential
to reduce power consumption by decreasing the mass
of the railcars and on-board equipment.
The use of Fuji Electric’s SiC power semiconductor

Electric door system

Traction
motor

Fully active damper
drive system

Motor drive
system

Main power
converter

Main
transformer

Damper
motor

Traction
converter

Traction
motor

Auxiliary power
supply system

Drive system

Fig.1 Electrical equipment for railcars

* Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
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25 kV AC, 1 φ , 60 Hz
Main transformer
Traction motor

Main power converter
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Fig.2 System configuration of traction equipment

modules and optimization of cooling systems have contributed to downsizing and weight reduction as well as
achieving a standard railcar of Shinkansen trains*.
We have reduced the size and weight of the main
circuit electrical equipment used in the N700S Series
Shinkansen trains of Central Japan Railway Company
as follows. Figure 2 shows the system configuration of
the traction equipment, Table 1 shows the equipment
specifications, and Fig. 3 shows the appearance of the
traction equipment.
(1) The main transformer was designed to reduce
copper loss, using aluminum wires for the windings, and adopted a unit-type cooling system, all
of which resulted in 12% smaller and 10% lighter
main transformer (in case of secondary winding
4-split types).
(2) The main power converter uses SiC power

(a) Main power converter

(b) Traction motor

(c) Main transformer

Fig.3 Appearance of traction equipment
Table 1 Specifications of traction equipment
Item
Nominal distribution voltage for railways
Main
transformer

Main
power
converter

System
Circuit
configuration
Power device
Cooling system
System

Traction
motor

Number of poles

Specification
25 kV AC, single-phase, 60 Hz
Single-phase shell-type
atmospheric pressure oil-sealed
system
(Secondary winding: Three-split or
four-split)
3-level PWM converter
3-level PWM inverter
SiC power semiconductor
modules
Natural air in traveling cooling
system
Squirrel cage induction motor
6 poles

Rated voltage

2,300 V AC

Rated output

305 kW (Continuous rated output)

* A standard Shinkansen railcar can flexibly accommodate
the number of railcar consist by reducing the size and
weight of the traction equipment under the floor.
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semiconductor modules that combine low-loss and
high-heat-resistant silicon carbide Schottky barrier diodes (SiC-SBDs) and insulated gate bipolar
transistors (IGBTs) as power devices to reduce the
size and weight of the cooling system.
We optimized the structure and conductor configuration in the power unit and all of which resulted
in 9% smaller and 14% lighter main power converter.
(3) For the traction motor, we increased the number
of poles from four to six and utilized a low loss
iron core material, all of which resulted in 11%
smaller and 17% lighter traction motor.
The N700S prototype train, equipped with these
traction equipment, started running tests in March
2018. Commercial train equipped with equipment
enhanced based on these test results has started commercial operations from July 2020 (see Fig. 4).(1)
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(b) Damper motor

Fig.5 Appearance of fully active damper drive system

Fig.4 N700S Series Shinkansen train
(Photo courtesy of Central Japan Railway Company)

4.	Actions to Achieve Safety and Reliability in
Electric Door Systems for Conventional Lines

3.	Improvement of Riding Comfort of
Shinkansen Trains Using Fully Active Damper
Drive Systems

The safe and secure operation of railways is
achieved through the daily maintenance of railway
companies. However, there is an urgent need to revise maintenance approaches in order to cope with the
expected future decline in Japan’s workforce. Electric
door systems have many advantages over conventional
pneumatic door systems in terms of safety, ease of installation, operation, and maintenance, as shown in
Table 3.
Fuji Electric has been delivering electric door systems for the Series E235 trains of East Japan Railway
Company. The motor of this door system uses fewer
permanent magnets than existing electric door systems
using linear motors, resulting in a 14% weight reduction for the entire system. By reducing the number of

Fully active damper drive systems are installed
in the first-class cars (i.e., green cars) of N700S Series
Shinkansen trains and control the lateral vibration of
the railcar to improve passenger comfort. Fuji Electric
has been supplying fully active damper drive systems,
consisting of a built-in damper motor and motor drive
unit, to be integrated into the fully active damping
control systems. The damper motor drives a hydraulic
pump that supplies hydraulic pressure to the damper
to suppress the lateral vibration of the railcar, improving riding comfort.
Table 2 shows the specifications of the system and
Fig. 5 shows the appearance of the system. The following innovations were made in the development of the
system.(1)
(1) The motor drive system enclosure has a sealed
structure and its internal equipment are cooled
only by air circulation inside the enclosure. This
reduces the number of parts that need to be replaced periodically, such as filters.
(2) The damper motor has been downsized so that it
can be outfitted in the limited space in the bogie.
(3) The damper motor has been improved in vibration
resistance to be mounted in the bogie.

Table 3 Comparison of electric and pneumatic door systems
Electric door system

Pneumatic door system

Safety

In case of power failure,
the locking device can
maintain the door closure.
Its highly sensitive door
obstruction detection
control function uses a
servo motor to reduce
the risk of being trapped
the doors.

In case of power failure,
there is a risk of door
opening due to loss of
air pressure. Its door
obstruction detection
sensitivity is low, and
the risk of being trapped
the doors is high.

Mountability

It consists of only electrical wiring and modular
mechanical parts, making it easy to mount and
dismount equipment.

It has mechanical parts,
air piping, wiring for solenoid valves, and other
components, making it
hard to mount and dismount equipment.

Operability

The operation patterns and conditions
can be modified based
on assumed passenger
behavior using control
software.

The operation pattern
and conditions cannot
be modified easily due to
mechanical limitations.

Table 2 Specifications of fully active damper drive system
Item
Input voltage
Motor drive
system

Damper
motor

Output voltage
Structure

Specification
100 V AC
100 V AC (three-phase)
Sealed enclosure, waterproof
and dustproof

System

Synchronous motor

Voltage

100 V AC (three-phase)

Rated torque
Rated rotational
speed

1.1 N· m
3,000 r/min

The life cycle cost can
be kept low due to the
Maintainminimized lubrication
ability
and maintenance for the
mechanical parts.

A wide range of maintenance tasks are required, including those
for mechanical parts,
piping parts, and compressors.

Power Electronics Equipment for Railcars Contributing to Safe, Secure, and Comfortable Public Transportation in the World
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(a) Motor drive system

mechanical adjustment points and parts, we have reduced the life cycle cost and the failure rate.
Figure 6 shows the configuration of the electric door
system, and Fig. 7 shows the principle of operation.
This door system consists of a motor that serves as
the power source for opening and closing door panels,
a main unit that houses a rack-and-pinion mechanism
that transmits the motor power to the door panels, a
locking device that ensures locking when the door is
closed, a controller that controls the motor and locking
device, a sliding door rail and a door hanger that holds
the door panel. In particular, by co-axial mounting of
the pinion to the motor shaft, the permanent magnet
motor directly drives the upper and lower racks. Without transmission gear, this simple mechanism reduces
the number of parts and maintenance costs.
The locking device consists of a lock pin, solenoid,
and an unlocking handle. With the door panel in the
door closed position, the lock pin is lower position going through the lock hole on the door side to keep the
door panel closed. When opening the door, the solenoid
lifts the lock pin to unlock the door through an opening
command from the controller. In case of maintenance
or emergency, the door is unlocked by pulling up the
lock pin using the unlocking wire through operating
the unlocking handle.
Controller

Motor

Locking device

Main unit
Door hanger

Door rail

Pinion (rotation by motor)

Left door

This simple locking device structure expands the
flexibility of the operation sequence in locking and unlocking operations.(2)
As a result of applying the latest door obstruction
detection sequence to this locking device, we were able
to prevent the pilot lamp (which indicates whether the
train is permitted to run or not) from lighting up momentarily when a thin obstacle is trapped by the doors.
This functionality improves safety and is more sensitive than Fuji Electric’s existing system in detecting
door trapping and dragging.
The control unit also has a status monitoring function and a fault diagnosis function of the door system.
The railway companies can use these data of the door
system for their condition based maintenance (CBM)
through on-board transmission system.
This electric door system is mounted on the Series
E235 trains of East Japan Railway Company. The
Series E235 trains (see Fig. 8) for the Yokosuka and
Sobu Express Lines are equipped with advanced equipment developed using the knowledge gained from the
Series E235 trains of the Yamanote Line. These trains
started operation from December 2020.

5. Actions for Overseas Market

Fig.6 Configuration of the electric door system

Upper rack

Fig.8 Series E235 train
(Photo courtesy of East Japan Railway Company)

Lower rack

Right door

(a) Fully closed

The demand for railcars in the market outside
Japan is expanding, mainly due to the renewal of existing lines in North America and the construction of new
lines in Asia. To meet this market requirements, Fuji
Electric is working to comply with overseas standards
and establish maintenance systems through local production and local affiliates companies in order to actively promote expansion into overseas markets.
5.1 Compliance with international and overseas standards

Left door

Right door
(b) Fully opened

Fig.7 Principle of electric door system operation
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For the North American market, Fuji electric updated the rating of system software to comply with
capability maturity model integration (CMMI) in 2019
through the formal assessement by certified personnel. We will continue our efforts to improve the design

FUJI ELECTRIC REVIEW vol.67 no.1 2021

5.2 Establishment of local production and maintenance
service systems

Railways are an important infrastructure for public transportation. It is necessary to establish maintenance systems for railcar equipment that can handle
inquiries about operation and maintenance and respond to emergencies in the case of malfunction. Fuji
Electric has established a system that our affiliates
and subcontractors located near the offices of major
customers provide maintenance services in the United
States, and Asia. Furthermore, local production has
become necessary to meet customer requirements. In
particular, we established Fuji SEMEC to strengthen
our local production and maintenance service systems
in the United States to meet the demands of overseas
customers for door systems.

6. Postscript
In this paper, we described power electronics
equipment for railcars that contribute to safe, secure,
and comfortable public transportation in the world.
The products used in this field contribute to the protection of the global environment by achieving compactness, weight savings, high performance and high
reliability operation based on the leading edge power
electronics technology. They are also helping to realize a sustainable society through the development and
maintenance of safe, reliable, and comfortable public
transportation by integrating social needs and various
technologies to ease and reduce maintenance and improve availability.
We will continue actively pursuing research and development forwarding of social and market needs such
as those involving energy saving and environmental
protection, while offering products that contribute to reducing the overall environmental burden of society.
References
(1) Kobayashi, N. Electrical Equipment for the N700S
Shinkansen High-Speed Train of Central Japan Railway Company. FUJI ELECTRIC REVIEW. 2020,
vol.66, no.4, p.247-249.
(2) Fujita, K. et al. Passenger Door System for Series
E235 Train of East Railway Company (Yamanote Line)
Designed to Improve Transportation Quality. FUJI
ELECTRIC REVIEW. 2018, vol.64, no.1, p.44-48.
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quality by updating and upgrading our rating based on
the latest regulations.
For the Asian market, compliance with functional
safety standards are also required. We have our internal and external audit personnel perform audit
activities according to the target functions and levels
required in each region, while also promoting product
development.
In addition, we are using the knowledge gained
from these activities in North America and Asia to design standard product concepts and improve our daily
operations.

PM Motors for Fluid Apparatus with Small Size,
High Speed, and High Efficiency
HIROSE, Hideo *   SASAKI, Toshiya *   NAKAYA, Ryota *   
ABSTRACT
In order to reduce global greenhouse gas emissions to virtually zero by 2050, it is necessary to introduce clean
energy and reduce power consumption. Fluid apparatus is required to save energy, such as pumps, compressors,
blowers, and coolers, because it accounts for a large percentage of motor applications and consumes a large amount
of power. The PM motor Fuji Electric has newly developed is improved in efficiency and cooling performance to
achieve compactness, allowing users to downsize their equipment. Furthermore, it achieves better energy savings
by using inverter-based variable speed operation and direct drive operation, which uses no belts and gears to avoid
mechanical loss.

1. Introduction
Motors are indispensable in the social life and industrial activities. They are used as the power sources
of diverse devices and systems, such as elevating machinery, conveyors, fans, pumps, compressors and
other infrastructural equipment, as well as machine
tools, printing machines, cranes, coolers and other
various industrial machines. PM motors (permanent
magnet synchronous motors) are small in size, light
in weight and highly efficient and have other excellent characteristics. However, they need to be used in
combination with an inverter as they cannot be driven
alone unlike other common motors, which serve if only
connected to a commercial power supply. They will
bring about a great deal of advantages to equipment
in optimum applications owing to the high-speed motor rotation with an inverter in addition to the reduced
energy consumption of the motor itself. This paper
covers the PM motor that is applied for fluid apparatus and that contributes to achieve small size, high
speed, and high efficiency with the combined use of an
inverter.

2. Fluid Apparatus Overview
2.1 Need for global warming countermeasures and
energy-saving fluid apparatus

The goal of the “Paris Agreement” is to keep the
rise in mean global temperature to below 1.5°C above
pre-industrial levels. To achieve this goal, the global
greenhouse gas emissions need to be reduced to zero
by 2050 with no allowance for absorption by forests,
oceans, etc. In Japan, the prime minister in his speech
*	Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
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on October 26, 2020 announced the country’s policy to
reduce greenhouse gas emissions to net zero by 2050
and pledged the compliance with the Paris Agreement
nationally and internationally. From now on, decarbonization and reduced power consumption by conversion to clean energy from the use of electric energy are
a matter of urgent necessity.
The global annual consumption of electric energy,
which is approximately 20 trillion kWh, is broken
down in Fig. 1, which shows that 40% of the whole is
consumed by motors. In addition, Fig. 2 shows that
fluid apparatus, such as pumps, compressors, blowers,
and coolers, represents 80% of the energy consumed by
motors. If motor efficiency including that of fluid apparatus is improved by 1%, the global power consumption can be reduced by 64 billion kWh and CO2 emissions by 27 million t.
The energy-saving requirements for fluid apparatus, which heavily consumes electric energy, are expected to intensify more in the future to come.

Other
Electrochemistry
Vehicles and
railroads
Resistance
heating
Motors
40%
Electronic
home appliances
Lighting
equipment
Home
appliances

Fig.1 Breakdown of the world’s power consumption(1)

Table 1 Specifications of PM motor for fluid apparatus
Other

Textile
machinery

Item

Specification

Cooling method

Water-cooled

Rated output

75 kW

Rated rotational speed

Power
transmissions

7,200 r/min

Center height

160 mm

Pumps, Compressors,
Blowers, Coolers
80%

Stator slot
Stator core
Frame
Bearings

Fig.2 Motor applications

2.2 Application of inverter and PM motor to fluid
apparatus

Fluid apparatus is required to reduce in size and
weight under the constraints of installation footprint
and floor load of the equipment. With typical fluid apparatus, its fluid mechanical unit can be reduced in
size and weight if the motor is revved up. However,
high-speed rotation produces a mechanical loss when a
speed up mechanism, such as belts and gears, is used.
In that case, the use of a direct-drive mechanism can
remove this mechanical loss and enhance efficiency
and energy-saving performance. This also eliminates
the maintenance of the mechanical parts for speeding
up, such as belt adjustment and inspection. With the
employment of a direct-drive mechanism using a PM
motor, these effects can be achieved.
In addition, PM motors can save energy because
they give intrinsically low-loss operation with no secondary copper loss (rotor copper loss). On the other
hand, PM motors need to be driven with a dedicated
inverter for the control of frequency, voltage, and current.
However, power consumption can be reduced if the
rotational speed is optimally controlled with inverter
control. Energy can be saved with optimal control
because the flow rate of fluid apparatus that uses the
centrifugal force of the bladed wheel is proportional to
the rotational speed whereas the needed power is proportional to the cube of the rotational speed. A greater
energy-saving effect results especially when the rate of
flow is lower.

3. Characteristics of PM Motor for Fluid
Apparatus

Rotor

Shield

(a) Side cross-sectional view

(b) Front cross-sectional view

Fig.3 Structural cross-sectional view of PM motor for fluid
apparatus

conventional model and is 160 mm with the developed
model, which namely has achieved a size reduction
of 36% and also has reached efficiency class IE4, IEC
60034-30-1.
Moreover, depending on customer requests, the
motor can be powerfully cooled by taking advantage
of part of the refrigerant of the cooler provided for the
fluid mechanical unit. As results, the motor can be significantly smaller than the conventional model.
3.2 Loss reduction

To achieve a small sized PM motor for fluid apparatus, the stator core has been designed to be smaller
in diameter and higher in magnetic flux density. In
addition, the employment of a direct-drive mechanism
supports high-speed rotation. To further enhance efficiency, the reduction of iron loss and mechanical loss
is required. As a countermeasure for iron loss, we
have employed a high-grade thin electrical steel sheet.
Furthermore, we have optimized the teeth and yoke
widths by considering the trade-off between copper
loss and iron loss ratios and at the same time studying
the distribution of amount of iron loss at the teeth and
yoke as shown in Figs. 4 and 5.
3.3 Cooling capacity improvement

3.1 Specification of developed motor

Table 1 and Fig. 3 shows the specifications and
structural cross-sectional views of the developed PM
motor for fluid apparatus, respectively.
The center height, which is from the motor’s installation surface to the axial center, is 250 mm with the

Motor temperature rises when operated. Temperatures, which broadly affect the lifetimes of windings
and bearings, need to be curbed below the specifications. Although the losses arising in PM motors are
not great, the cooling capacity needs to be improved
since the cooling surfaces are reduced when the size re-

PM Motors for Fluid Apparatus with Small Size, High Speed, and High Efficiency

27

issue: Power Electronics Contributing to Energy Saving, Compactness, and Increased Productivity —Energy Saving and Size Reduction

Transportation
machinery,
industrial robots

Iron loss
density

Water channel

High

Low

Fig.4 Analysis result of iron loss at the teeth and yoke
Fig.6 Example of frame in the jacket method

Yoke width

Teeth width

the frame as shown in Fig. 6 and this makes the crosssectional shape of the flow channel highly flexible to
secure a wider surface area for heat transfer. Therefore, this method has a higher cooling performance.
In this project, we have adopted the jacket method in
order to secure cooling performance. As for liquid leakage, risks have been worked around with prior liquid
leakage tests and design measures.
3.4 Control over the heat irradiation performance of the
stator

Fig.5 Optimization of teeth and yoke widths

duction of motors advances.
In response, we have used the liquid-cooling
method, which has higher cooling capacity than conventional air-cooling methods and contributes to size
reduction. For the flow channel, which passes a refrigerant such as cooling water or cooling oil into the motor, there are two methods available—the pipe method
and the jacket method (see Table 2). The pipe method
reduces the risk of liquid leakage, but the flow channel
used is limited to cylindrical shape, which deprives the
flow channel of design flexibility. Another shortcoming is that thermal resistance is increased since the
pipe and frame are provided as separate parts. In the
jacket method, the flow channel is directly placed on

Jacket method

Stator slot
Heat

Pipe method

Advantage

High design flexibility
◦
of flow channel
Reduced liquid leak◦
Wider heat transfer
◦
age risk
area → Higher cooling performance

Disadvantage

Liquid leakage risk
◦
present
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Conductor wire

Heat

Table 2 Comparison of cooling methods
Item

While the stator core of the motor has been greatly
reduced in diameter, the stator slots have been made
deeper to secure the cross-sectional area required for
the conductor. This produced unevenness in heat irradiation performance that varied by conductor position.
As shown in Fig. 7, heat irradiation performance is
reduced when the conductors are located on the inner
radius side. In order to avoid this, we had organized
the windings on the outer radius side by elaborating
the design and manufacturing process. Furthermore,
as shown in Fig. 8, the variations in conductor position
in the stator slot is controlled by measuring the inductance of the windings after the completion of winding
process.

Low design flexibility
◦
of flow channel
Increased thermal
◦
resistance → Lower
cooling performance

(a) Inner radius side
(Heat dissipation low)

(b) Outer radius side
(Heat dissipation high)

Fig.7 Heat irradiation performance
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(a) Inductance (Low)

(b) Inductance (High)

Fig.8 Winding position control

4. Postscript
In this paper, we have presented the PM motors
for fluid apparatus with small size, high speed, and
high efficiency.
The technological innovation on permanent mag-

nets in Japan is particularly notable in history and
is one of the very advanced fields when seen from a
global perspective. In addition, inverter drive technology is another distinctive technological field in which
the country excels. This PM motor drive system that
combines a permanent magnet with an inverter drive
is a technological field in which Japan is ahead of other
countries, and above all, Fuji Electric possess advanced
technical expertise to offer solutions. Facing the social
issues of energy saving, the reduction of greenhouse
gas emissions and environmental protection, the expectations for more efficient motors and inverters are running higher. To respond to these expectations, we Fuji
Electric, as a supplier and a partner striving together
with our valued customers to enhance the value of customer products, are fully committed to promote further
technological advancement.
References
(1) Roland Brüniger. Motor Systems Annex IEA ExCo
Meeting in Paris 14/15 April 2008.
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AC-DC Power Supplies for Control Panels
OKI, Kazuhiro *   YATSUDA, Yutaka *   HASHIZUME, Shingo *   
ABSTRACT
Control panels for social and industrial infrastructure are being required to use smaller power supplies to accommodate increasingly sophisticated and large-scale systems. Using industrial platform power supply technology, Fuji
Electric has developed compact power supplies for control panels that incorporate redundancy functions to reduce
wiring. This product makes it possible to mount a larger number of devices, thereby further contributing to sophistication and scalability of control panels. The unit comes with dedicated output terminals to ensure compatibility with
existing control panels to facilitate replacement. We also provide a model that can operate maintenance-free for 10
years for users in various industries.

1. Introduction
Some social and industrial infrastructure systems
require a high level of reliability to ensure they do
not fail or accidentally shut down during operation.
In such systems, power supplies, controllers and networks are configured in redundant. Moreover, control
panels and their internal devices are required to be
smaller, lighter and lower cost.
Fuji Electric has been working on size reduction
and performance enhancement of the controllers and
network devices used in control panels. With regard
to power supply, however, we have conventionally used
commercially available power supply units, circuit protectors (CPs) and redundant units and individually
mounted them on DIN rails, occupying a large amount
of space in the control panel. Moreover, many wires
were used to connect the power supply units with the
CPs and the redundant units, and therefore, there was
room for improvement in terms of cost, quality and assembly time.
This paper describes AC-DC power supplies for
control panels developed by Fuji Electric to solve this
problem. The power supply integrates the functions of
redundant units, which were external attachments in
previous models.

2. Overview of AC-DC Power Supplies for
Control Panels
Fuji Electric’s control panels have been used in
important industrial facilities such as steelworks, water treatment facilities and various types of plants in
Japan and abroad for over 30 years.
*	Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
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The new power supplies for control panels developed for these facilities have achieved a reduction of
volume by up to 50% by minimizing wiring with connector wiring and by adopting a rack mount structure,
thereby enabling more devices to be mounted on the
panel.
A line-up of three 24-V DC output models of 10 A,
20 A and 40 A is offered to meet the needs of increasingly sophisticated and larger-scale control panels.
Table 1 shows the general specifications of the
power supplies for control panels, and Fig. 1 shows
their external appearance. These power supplies receive a single-phase 100 to 120 V AC or 200 to 240 V
AC and outputs 24 V DC used in the control panel. To
meet the needs of the connected devices and their capacities, users can select from a line-up of 10-A, 20-A
and 40-A models, all of which can be mounted on a
19-inch rack. These power supplies are compliant with
the UL standard and CE marking, thereby enabling
use in North America and Europe as well.
Figure 2 shows a block diagram of the 40-A model
as an example of power supplies for control panels.
All models consist of a main circuit board for a
platform power supply intended for industrial devices,
as well as a DC /DC converter circuit board rated at
10 A. These power supplies can be equipped with a
maximum of four 12-V or 24-V DC /DC converter circuit boards and have capacities of 600 W in output
power. Any custom combination of DC /DC converter
circuit boards can be mounted to match the power capacity of the device. One of these DC /DC converter
circuit boards is used for the 10-A model, two are used
for the 20-A model, and four are used for the 40-A
model.
Furthermore, there is a built-in function for redundant power supply. This enables the transmission of
alarm signals for power output errors and fan errors.

Table 1 G
 eneral specifications of power supplies for control
panels

Input

10-A model

40-A model

100 to 120 V AC / 200 to 240 V AC, 50 /60 Hz

Range

85 to 264 V AC, 47 to 63 Hz

Rated voltage
Output

20-A model

Rating

24.0 V DC*1
10 A

20 A

40 A

Peak current

13 A

26 A

52 A

20 ms

Voltage sag Immunity

SEMI-F47 (200-V system input)

Operating temperature
range

- 10°C to + 55°C*2

Protective function
External dimensions
(mm)

Noise
filter

Input

3 pins

Output 1

4 pins

Output 2

W440.0 ×
H132.5 (3U) ×
D200.0

Rectification
PFC

None

2 pins

Signal 1

Alarm
signal

DC/DC converter
circuit board
24 V, 10 A
DC/DC converter
circuit board
24 V, 10 A
Signal

AC-DC
Platform power supply

10 pins
40 dB

MTBF*4

200,000 hours or more
Applied standard

I/F
conversion

Fig.2 Block diagram for the 40-A model

2 pins

Signal 2

Redundant

Output
24 V DC
40 A

* PFC: Power factor correction

Noise (Reference value)*3

*1
*2
*3
*4
*5

AC-DC
Platform power supply

Input overcurrent / Output overvoltage and
overcurrent / Temperature
W440.0 × H79.0 (2U) × D200.0

DC/DC converter
circuit board
24 V, 10 A

Signal

Class A (FCC, VCCI, CISPR, EN55022) compliant

EMI

Safety
standard

Rectification
PFC*

DC/DC converter
circuit board
24 V, 10 A

Rated current

Output hold time

Interface

Noise
filter

46 dB

CE marking, UL

Overvoltage
Category*5

III

The 10-A model is equipped with an output voltage adjustment function.
For the 40-A model, the current is derated at 50°C or higher.
25°C, input voltage of 200 V AC, rated current
Mean time between failures (MTBF)
IEC 60664 (see *1 on p.32)

(a) 10-A model

(b) 20-A model

3. Features
As recent control systems have become more complex and control panels are required to contain many
control devices, Fuji Electric has significantly reduced
the size of power supplies, which previously occupied a
large amount of space, without sacrificing performance.
3.1 Size reduction with the use of a built-in redundancy
function

As conventional power supplies contain a commercially available power supply unit, a CP and a redundant unit as shown in Fig. 3, they require a large
installation area and many wires to connect the components.
The newly developed power supplies for control
panels (the Power Supplies) contain every component,
from the power supply unit to the redundant unit,
shown in Fig. 3(b), all housed inside a single enclosure,
as shown in Fig. 3(a). In addition to the reduction of
the installation area as a result of this structure, the
CP and wires have been reduced by integrating the
CP functions into the overcurrent protection device or
the breaker installed in the front stage of the Power
Supply. Moreover, by employing a rack mount structure, the man-hours required for installation at the
work site can also be reduced significantly.
3.2 Compliance with the overvoltage category suitable for
control panel devices

(c) 40-A model

Fig.1 Power supplies for control panels

AC-DC Power Supplies for Control Panels

This newly developed Power Supply unit, which
is compliant with the Overvoltage Category III*1, can
be directly connected to an input system to which high
impulse voltages may be applied.
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Item

Input
85 to 264 V AC

Specification

Power supply unit
AC input

Redundant

AC input

Output

System A
System B

Power supply for
in-panel devices
(40 A)

System A
System B

Power supply for
field I/Os
(10 A)

Power supply
unit

Redundant
unit

CP*

Output

Power supply for in-panel
devices + CPs +
Redundant unit
(40 A)

System A

Power supply for field I/Os
+ CPs + Redundant unit
(10 A)

Power supply for in-panel
devices + CPs +
Redundant unit (40 A)
DIN rail
Panel device
mounting area

System B

Power supply for field I/Os
+ CPs + Redundant unit
(10 A)

Panel device
mounting area

*CP : Circuit protector

(a) Newly developed model

(b) Conventional model

Fig.3 Power supplies for control panels and the spaces occupied by it (in bold outlines)

3.3 Maintenance-free support and audible noise
suppression

3.4 Support for varied voltage and output before
redundancy*3

In response to requests for a maintenance-free design, a model that eliminates the need for maintenance
for 10 years by using long-life fans for forced air cooling has been included in the line-up. Moreover, the
air filter and fan located at the air intake port are included as separate units to enable the user to perform
cleaning and replacement with ease.
The Power Supplies have an MTBF*2 greater than
or equal to that of a conventional power supply (power
supply unit, CP and redundant unit).
In addition, the Power Supplies suppress excessive
audible noise from the control panel during operation
by monitoring the temperatures of the internal elements and controlling the rotational speed of the fan
according to the surrounding air temperature and load
factor.

The 10-A model serves as the field power supply
for I /O units, which are field devices installed outside the control panel. As the wiring to the I /O units
becomes longer, the voltage drop becomes larger. To
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*1 Overvoltage Category: The impulse withstand voltage of
devices is classified into four levels by the International
Electrotechnical Commission (IEC). The devices applicable to Category III support an impulse withstand voltage of 4,000 V and are suitable for use on the load side of
fixed-type equipment, including main electrical distribution switchboards.
*2 MTBF: Initialism for mean time between failures. MTBF
is an indicator of system reliability and represents the
mean time for continuous operation.
*3 Output before redundancy: Output of voltage from the
DC /DC converter circuit board to the external redundancy function [see “Output 2” in Fig. 4(a)]
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3.5 Overload support

The DC /DC converter circuit board uses a current
resonant circuit with high conversion efficiency, and
a single board alone supplies a rated power of 240 W.
It can withstand peak loads of 312 W (130%) for 3
seconds or 432 W (180%) for 0.1 seconds, allowing the
Power Supplies not to only be used for controllers and
other control devices, but also for applications that require instantaneous high power, such as solenoids and
motors.

Input
85 to 264 V AC
Rectification
PFC*1

Noise
filter

DC/DC converter
circuit board
24 V, 10 A

Redundant

I/F
Convert

Signal
AC-DC
Platform power supply

Output 1
24 V DC
10 A
Output 2*2
24 V DC
10 A
Alarm signal

Table 2 Fields and control facilities
Field

Control facility

Steel making

◦Energy centers
◦Steelworks

Cement

◦Raw material mining plants
◦Cement plants

Energy

◦Thermal power plants
◦Geothermal power plants

Waste treatment

◦Garbage incinerator plants

Petroleum

◦Airport fueling facilities
◦Pipeline oil /gas transport facilities

4. Examples of Applications
Control panels equipped with the Power Supply
can be used for various types of control facilities in a
wide range of fields, as shown in Table 2.
(1) Application example 1: Major steel manufacturer
In steel mills, the Power Supplies are installed
in the control panels of the converter equipment and
the control systems for secondary refining and energy.
While the number of control panels varies according to
system scale, the reliability of the system is enhanced
through redundancy configurations for the CPUs and
power supplies. By using the Power Supplies, power
supply redundancy can be established with ease.
(2) Application example 2: Aircraft fueling system
When renewing an existing DCS*4, the power supplies of the five control panels were replaced with the
Power Supplies.
Since the Power Supplies are smaller than conventional ones, the DCS could be renewed without increasing the number of control panels, and the lead time
from design to delivery was shortened as a result of
reduced wiring.

5. Postscript
(a) Block diagram for the 10-A model
Control panel
AC input
Field
(System A) power
supply
AC input
Field
(System B) power
supply

Redundant unit
Fuse

I/O unit

Fuse

I/O unit

Fuse

I/O unit

Fuse

I/O unit

Fuse

I/O unit

(b) Connection example for existing panel renewal
*1 PFC: Power factor correction
*2 Output 2: Output before redundancy

This document described a new type of AC-DC
power supplies for control panels. The use of the ACDC power supplies for control panels in industrial
control equipment enables the building of highly reliable control systems easily, as well as the renewal of
existing systems. Using this technology, Fuji Electric
will continue to contribute to energy saving and stable
operations in our society.
*4	DCS: Initialism for distributed control system. A DCS is
a type of control system in which a control device is
placed for each component that makes up the system, and
the controlling devices are linked through a network.

Fig.4 Block diagram and connection example for existing
panel renewal

AC-DC Power Supplies for Control Panels
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meet reliability requirements, this model is equipped
with a voltage adjustment function to compensate for
these voltage drops.
Some existing systems have a redundant unit installed outside the control panel. To allow this type
of redundant unit to continue to be used after the
renewal of the existing system, the Power Supplies
provide two types of output, output 1 and output 2, as
shown in Fig. 4, (a).
(1) When an internal redundant function is used:
Output 1
(2) When an external redundant unit is used: Output
2
Figure 4, (b) shows a connection example for the
use of a redundant unit installed outside the Power
Supply when an existing panel is renewed.

“FRENIC-MEGA (G2) Series” High-Performance,
Multifunctional Inverters
TAKAMI, Yuichi *   YAYAMA, Takahiro *   YAMAZAWA, Kotaro *   
ABSTRACT
General-purpose inverters have been recently expanded to various applications, and in addition to enhancing
control performance, they are being required to improve energy saving, environment resistance, and preventive maintenance. Our newly developed “FRENIC-MEGA (G2) Series” improves control performance through faster processing and advancements in our proprietary motor control technology. It also enhances energy saving capability supporting PM motor drive as standard and environmental resistance complying with JIS C60721-3-3 and Class 3C2 of
IEC 60721-3-3. Its functions for traceback, predicting product life for maintenance, and customizable logic allow it to
be used for various applications.

1. Introduction
In recent years, the performance and function of
general-purpose inverters have greatly improved, and
their application versatility is on the increase, ranging from simple variable speed drives to machine tools
and horizontal or up-down conveyance machinery.
For these applications, Fuji Electric has offered the
“FRENIC-MEGA (G1) Series.” To respond to user requests for further improvements in performance and
function, we have developed the “FRENIC-MEGA (G2)
Series” high-performance, multifunctional inverters.

2. Overview of “FRENIC-MEGA (G2) Series”
Figure 1 shows the external appearance of the
FRENIC-MEGA (G2) Series, and Table 1, the model

Fig.1 “FRENIC-MEGA (G2) Series”

*	Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
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Table 1 “FRENIC-MEGA (G2) Series” model line-up
Classification
Power supply voltage
Output
of model
Three-phase 200 V
0.4 to 90 kW
Basic
Three-phase 400 V
0.4 to 630 kW
EMC filter
built-in

Three-phase 200 V

0.4 to 90 kW

Three-phase 400 V

0.4 to 630 kW

DC reactor
built-in

Three-phase 200 V

30 to 55 kW

Three-phase 400 V

Communication option

30 to 55 kW

DeviceNet* , CC-Link* , PROFIBUS-DP*3
T-Link, SX-Bus, EtherNet /IP*1
PROFINET-RT*3, MODBUS*4 TCP
EtherCAT*5, CANopen*6
1

2


and EtherNet /IP are trademarks or registered trademarks of
*1 DeviceNet
ODVA, Inc.
*2 CC-Link is a trademark or registered trademark of Mitsubishi Electric
Corporation.
*3 PROFIBUS-DP and PROFINET-RT are trademarks or registered trademarks of PROFIBUS User Organization.
*4 MODBUS is a trademark or registered trademark of Schneider
Automation,Inc.
*5 EtherCAT is a trademark or registered trademark of Beckhoff Automation
GmbH.
*6 CANopen is a trademark or registered trademark of CAN in Automation.

line-up. This Series offers various communication options, which look ahead to Internet of Things (IoT), and
also expanded functions corresponding to FA systems,
while securing the compatibility with the FRENICMEGA (G1) Series, which are the conventional models.
Furthermore, the models for the applications working under heavy breaking loads, such as up-down conveyance machinery, are available as a built-in brake
circuit type as standard and have increased the output
to 55 kW (200-V model)/75 kW (400-V model) from the
conventional 22 kW. In addition, the upper limit of the
operating ambient temperature has been increased to
55°C from the conventional 50°C. Moreover, meeting

3. Performance and Functions of “FRENICMEGA (G2) Series”
3.1 Control performance

Through the use of the ever-faster micro controller
unit (MCU) and the further advance of Fuji Electric’s

10
Frequency for a gain of −3.0 dB: 1,122 Hz
(Criterion: 1,000 Hz or more)

8
6

Gain (dB)

4
2
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2
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Frequency (Hz)

500

1k
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20
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Frequency (Hz)
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2k

180
90
0
−90
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Fig.2 Current responsibility

own motor control technologies that have been cultivated, the FRENIC-MEGA (G2) Series has achieved
a current response of 1,000 Hz or more and a speed
response of 200 Hz or more as shown in Figs. 2 and
3. They both are twice as fast as the conventional responses.
This reduces the effects of disturbance on the machine and enables us to respond to higher performance
requirements.
These improvements contribute to
the reduction of travel vibration during the up-down
transportation of elevators and the like and also to the
stabilization of the processing quality of wire drawing
machines, printers, etc.
The FRENIC-MEGA (G2) Series has achieved
higher motor control technology, as following examples.
(1) Zero-speed torque in the sensorless control of PM
motors
The sensorless vector control of conventional permanent magnet synchronous motors (PM motors) is
not capable of stable speed estimation at low speeds
and it is thereby difficult to generate torque at zero
speed. For this reason, we had a challenge in product
applicability except for fans, pumps and such other
equipment that do not require drive in the low-speed
region. To solve this, we have adopted a new control
method, which makes the speed estimation in the
low-speed region possible by superimposing a high frequency onto the fundamental frequency used for motor
drive. This method has enabled a torque generation of
100% or more in the very-slow and zero-speed regions
as shown in Fig. 4 and has increased the applicability
to low-speed conveyors, etc.
(2) Great reduction in the auto searching*2 time of induction motors
In the induction motor, the residual voltage*3,
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(200 V, 2 kW, 1,500 r/min)
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40
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100
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−240
−360

1

10
Frequency (Hz)

100
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Fig.3 Speed responsibility
*1	Class 3C2: Locations with normal levels of contaminants
experienced in urban areas with industrial activities
scattered over the whole area or with heavy traffic

Fig.4 Speed-torque characteristics in the low-speed region
*2	Auto searching: Function that automatically searches for
idling motor speed and carries out a restart
*3	Residual voltage: Voltage induced on the motor's winding
side due to the residual magnetic flux of the motor's iron
core and the motor's rotational speed Residual voltage is
higher when the number of motor rotations is higher.
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the environmental resistance criteria of class 3C2*1,
JIS C60721-3-3 /IEC 60721-3-3, the inverters are
equipped with improved maintenance functions, including traceback and life forecast of the built-in insulated gate bipolar transistor (IGBT) module.

40
1.5 s

0
Power
interrupted
(0.1 s)

U-phase output
current (A)

Output frequency
(Hz)

which occurs in the motor when an instantaneous
power interruption or such causes the inverter output
to stop when in operation, attenuated by being consumed in the motor’s secondary conductor (squirrelcage). Generally, this residual voltage is more resistant to attenuate when motor capacity is greater. The
conventional method of auto searching is susceptible
to residual voltage and so needed a wait until the residual voltage has sufficiently attenuated. With the
application of PM motor control technologies, we have
developed a new method, in which a zero-voltage condition is produced two times within a very short period of time when the residual voltage, which occurs
immediately after inverter output shuts off by an instantaneous power interruption, is still high. We can
estimate the rotational speed by detecting the changes
in short-circuit current vector during the process. As
shown in Fig. 5, this method has achieved the reduction of wait time before the start of speed estimation
and also the reduction of time for frequency stabilization by improving the accuracy of speed estimation
results. The time for completing a auto searching process is thereby shortened to 1.5 s, which is faster than
the conventional result of 11 s, reducing the downtime
caused by an instantaneous power interruption. In addition, to give due consideration to ensuring the operation of auto searching, this control method switch back
to the conventional method automatically when the
short-circuit current after the application of zero voltage does not flow sufficiently because of a quick attenuation of residual voltage.

No wait time for
residual voltage
decay

Stabilization wait time
1.4 s
Auto searching complete

U-phase output
current (A)

Output frequency
(Hz)

(a) New method

40

11 s

0
Power
interrupted
(0.1 s)

Residual voltage decay
Wait time
6.2 s

Stabilization
Wait time
4.7 s
Auto
searching
complete

(b) Conventional method

Fig.5 Auto searching time comparison (400 V, 315 kW)
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Overcurrent alarm was issued
Output frequency

Current

Alarm issuance information
Tracing setting information

Waveform immediately
before the alarm was issued

Fig.6 Traceback

function using the PC support tool “FRENICLoader 4”
3.2 Traceback function

We have included the traceback function to facilitate the failure analysis when alarms occur. The
traceback function retrieves and records the chronological data of inverter statuses before and after each
alarm is issued. By the combined use of the new multifunction keypad (see Chapter 4), data with dates added
can be saved up to 100 data items in a microSD*4
card. Saved data can be read using the PC support
tool “FRENIC-Loader 4” (download free of charge from
Fuji Electric’s web site*5). Figure 6 shows an example
of waveforms recorded immediately before and after
an alarm was issued using the traceback function. As
this example shows, users can later on analyze the information recorded before and after alarms are issued.
3.3 Preventive maintenance and predictive maintenance
functions

As shown in Table 2, the FRENIC-MEGA (G2)
Series offers enriched functions for preventive maintenance and predictive maintenance as well as the newly
added functions for predicting the lifetime of the IGBT
module and for issuing the alerts for cooling capability
declines.
(1) Life forecast of the IGBT modules
The lifetime of the IGBT modules, which are important components of the inverter, is estimated based
on the inverter’s operating conditions (cumulative totals of load, temperature, etc.) to alert the user of the
need to perform maintenance before the lifetime is
microSD is a trademark or registered trade mark of
*4	
SD-3C LLC.
*5	URL for the free download of “FRENIC-Loader 4” from
Fuji Electric’s web site (available in Japanese)
https: //www.fujielectric.co.jp/products /inverter/
frenic-megag2 /download /
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Classification

Table 3 C
 omparison of main specifications of customizable logic
function

Function
Item

FRENIC-MEGA
(G2) Series

FRENIC-MEGA
(G1) Series
(Conventional
models)

Maximum program
size (Number of
program steps)

260

10

Digital signals
Analog signals

Digital signals

[Total of 113 types]
Logical operation,
timer,
Analog operation,
Selector, Filter, Bit
extraction,
Function code
operation

[Total of 54 types]
Logical operation,
timer

User parameter

60

None

User alarm

5

None

1 ms

2 ms

Supported
(5 in parallel)

Not supported

PC support tool
“FRENIC-Loader 4”

None
(Direct parameter
edits only)

Cumulative operation time
Time of voltage application to main circuit
capacitor
Preventive maintenance

Time of voltage application across capacitors on the printed circuit board
Operation time of cooling fan
Cumulative operation time of motor

Signals processed

Motor activation count
Predictive maintenance

Diagnosis of main circuit capacitor capacitance
IGBT lifetime prediction (New)

Main function

Alerts for cooling capability declines (New)

reached.
(2) Alerts for cooling capability declines
The decline in the cooling capability of the inverter, which is caused by clogged cooling fins, etc., is
estimated based on the in-inverter temperature measured by the temperature sensor to alert the user of
the need to perform cleaning or inspection.

Minimum execution
cycle
Multi-task
Programming environment

3.4 Customizable logic function

The customizable logic function is the simple programmable logic controller (PLC) function incorporated
in the inverter and has the expandability for desired
functions with a user-created program uploading to
the inverter. This function, which was equipped on
the FRENIC-MEGA (G1) Series, has been evolved in
its own function as it has gone through many models.
With the FRENIC-MEGA (G2) Series, the function has
been strengthened in the maximum program size and
available functions as shown in Table 3 and now allows
the user to create more flexible and complex programs
by adding user parameters and user alarms.
Table 4 shows some examples of functions implementable using the customizable logic function of the
FRENIC-MEGA (G2) Series as well as the required
number of program steps and execution cycles.
The conventional customizable logic function of the
FRENIC-MEGA (G1) Series uses single execution cycles to carry out processing since it handles only digital
signal processing and also the number of steps handled
is not many. With the addition of analog operation,
setting parameter access, and more other features,
the FRENIC-MEGA (G2) Series allows the user to add
more complex and sophisticated functions.
On the other hand, if such sophisticated functions
are executed in a single cycle, the performance of the
entire functions is reduced due to increases in computation time. To resolve this issue, the FRENIC-MEGA
(G2) Series has been equipped with the multi-task
function that executes a program in divided multiple
cycles. This has made optimal programming possible;
for example, the operation and speed commands that
affect the device’s response or the machine’s takt time

Table 4 Example functions implementable by customizable logic
Number of program
steps

Execution cycle*1

Wire drawing machine

113

20 ms

Winder

Application device

180

20 ms

Wire strander

20

2 ms

Hoist

85

10 ms

Spinning machine
(Traverse)

91

10 ms

200

20 ms

Solar pump

*1Minimum execution cycle when multi-task function is not used

are switched in a cycle of a 1 ms while, at the same
time, complex data processing is carried out in a cycle
of 20 ms.
Furthermore, programming can be performed using the simple method in which the user directly edits the setting parameters for the inverter or using
the FRENIC-Loader 4 that allows the user to drag
and drop block diagram symbols to arrange and connect them as shown in Fig. 7 so that the user can easily create programs with no need of any sophisticated
programming technique even when the program to be
worked on is sophisticated and large.
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Table 2 P
 reventive maintenance and predictive maintenance
functions

Project control panel

Program layout pane

Tool box

Project contents in tree
view for property
control

Intuitive edits of
customizable logic
programs

Layout possible by the
drag and drop of
function symbols

Fig.8 External appearance and Bluetooth connection of the
new multi-function keypad

Logical AND

Logical OR

Rise edge detection

Reset dominant flip-flop

D flip-flop

On delay timer

Addition (With limiter)

Modulo (With limiter)

Quadratic function

Comparison

Window comparison

Low-pass filter

Other

Analog signal processing

Digital signal processing

(a) Program edit screen

Signal selection

Function code read

Bit extraction

(b) Examples of available function symbols

Fig.7 Programming using the PC support tool “FRENICLoader 4”

Fig.9 Water resistance test scene of the new multi-function
keypad

the inverter is placed in a location where its keypad
display is difficult to see.
Furthermore, the new multi-function keypad,
which is compliant with IP55 in resistance to dust and
water, can be installed on the panel door surface that
may be subjected to dust, water splashes, etc. (see Fig.
9).

5. Improved Environmental Resistance
4. New Multi-Function Keypad
The FRENIC-MEGA (G2) Series is equipped with
a keypad of seven-segment five-digit LED display as
with the conventional Series. In addition, the new
multi-function keypad shown in Fig. 8 is also available
as an option. It offers a great visibility with the use
of a large LCD screen and supports Japanese characters (hiragana, katakana and kanji) and other 19
languages. As other features, it can save traceback
data into a microSD card and add clock data to alarm
history using the clock function. Using a smart device,
on which the Mobile Loader application is installed for
Bluetooth*6 connection, the user can make the settings
of function codes (setting parameters of the inverter)
and monitor the operating status of the inverter when
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In recent years, there has been a growing demand
for the environmental resistance to hydrogen sulfide
(or sulfide gas), sea salt aerosol, etc. Figure 10 shows
the external appearance of the printed circuit board
used for the FRENIC-MEGA (G2) Series. Using a
highly environmentally resistant material to coat the
printed circuit board, the coating area has been extended from the conventional partial coating to the entire surface coating.
Furthermore, we examined the correlation in the
influences of corrosive gas defined in IEC 60721-3-3
between experiments and corrosion simulations that
*6 Bluetooth is a trademark or registered trade mark of
Bluetooth SIG, Inc.
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With the exploitation of the results, this prediction
served well to improve the environmental resistance of
the inverter.
All of these have assured that the FRENIC-MEGA
(G2) Series is compliant with the class 3C2 requirements defined in JIS 60721-3-3 /IEC 60721-3-3.

Fig.10 Printed circuit board of “FRENIC-MEGA (G2) Series”

used the Corrosion Analyzer of OLI Systems, Inc.,
the U.S.A., and predicted the progression of corrosion.

In this paper, we have presented the “FRENICMEGA (G2) Series” high-performance, multifunctional
inverters. The FRENIC-MEGA (G2) Series can support a wider range of devices and applications than
with the conventional general-purpose inverters. Fuji
Electric will continue to make efforts to commercialize general-purpose inverters that satisfy market demands.
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6. Postscript

“FRENIC-RHC Series” High Power Factor PWM
Converters with Power Regeneration Function
SATO, Kazuhisa *   AWAI, Akihiro *   OMORI, Takashi *   
ABSTRACT
Controlling a motor with a general-purpose inverter occasionally needs to suppress input current harmonics and
to process motor braking energy. Fuji Electric has developed the “FRENIC-RHC Series” of high power factor PWM
converters with power regeneration function as a line-up of products that offer better features and operability than
conventional PWM converters. The series has the following features: Capable of controlling large capacity equipment through the extended number of parallel connections, up to four, without isolation transformers, standardized
traceback function for analyzing the causes of alarms; highly detailed monitoring of the operating conditions of the
upper layer system via high-speed E-SX bus communications.

1. Introduction
One of the main solutions to prevent variablespeed drive systems, such as a general-purpose inverters, from causing disturbance to other devices
connected to the same system is to shape their input
current waveform into a sine wave in compliance with
the guidelines established by the Ministry of Economy,
Trade and Industry. Meanwhile, regenerating energy
back to the power supply can help save energy. In addition to these measures against harmonics, we have
provided the market with the “RHC-C Series” pulse
width modulation (PWM) converters with energysaving measures taken.
We have newly developed the “FRENIC-RHC
Series” PWM converters with the function and operability further improved from this existing PWM converter series. This paper describes the features and
specifications of the FRENIC-RHC Series.

Fig.1 “FRENIC- RHC Series”

2.1 Capacity line-up enhancement and capacity expansion

Figure 1 shows the external appearance of the
FRENIC-RHC Series. Table 1 shows the standard capacity line and standard specifications. The FRENICRHC Series, which maintains compatibility with conventional models, has features such as expansion of
the number of connections in a multiple-unit parallel
system, standard traceback function and support for
high-speed communication bus “E-SX bus” and is capable of being applied in a wide-variety of factory automation (FA) systems.

The FRENIC-RHC Series has a standard capacity line-up of a total of 21 models including 6 models of 200 V /30 to 90 kW and 15 models of 400 V /45
to 630 kW. Explanation is omitted here but we also
have the “FRENIC-eRHC Series compact PWM converters for smaller capacities 200 V /5.5 to 22 kW and
400 V /5.5 to 75 kW.
The FRENIC-RHC Series has two ratings MD*1
(CT*2) specification for medium overload and LD*3
(VT*4) specification for light overload, from which users can select according to load capacity. The MD (CT)
specification, which has a 1-minute overload rating
equal to 150% of continuous capacity, is mainly used
for applications such as general industrial machines,

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

*1	MD: Medium overload (medium duty)
*2	 CT: Low torque application (constant torque)
*3	LD: Light overload (low duty)
*4	VT: Square reduction torque application (variable torque)
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Table 1 Standard capacity line and standard specifications
(a) Three-phase 200-V series

Item

Specification

Type RHC□□□-2E□
Applicable inverter capacity
(kW)

Output

Continuous
capacity (kW)

37

45

55

75

90

30

37

45

55

75

90

36

44

53

65

88

103

150% of continuous rating −1 min

Overload rating
Voltage

320 to 355 V DC (Varies according to the input voltage)

Applicable inverter capacity
(kW)
LD (VT)
specification

Output

Continuous
capacity (kW)

37

45

55

75

90

110

44

53

65

88

103

126

120% of continuous rating −1 min

Overload rating
Voltage

Input power

320 to 355 V DC (Varies according to the input voltage)

Number of phases, voltage
and frequency
Allowable fluctuation of
voltage and frequency

3-phase, 3-wire type, 200 to 220 V, 50 Hz / 200 to 230 V, 60 Hz
Voltage: − 15% to +10%, Frequency: −5% to +5%, Voltage phase unbalance rate: within 2%

(b) Three-phase 400-V series

Item

Specification

Type RHC□□□-4E□
Applicable inverter capacity
(kW)
MD (CT)
specification

Output

Continuous
capacity (kW)

45

55

75

90

110

132

160

200

220

280

315

355

400

500

630

45

55

75

90

110

132

160

200

220

280

315

355

400

500

630

53

65

88

103

126

150

182

227

247

314

353

400

448

560

705

150% of continuous rating −1 min

Overload rating
Voltage

Applicable inverter capacity
(kW)
LD (VT)
specification

Output

Continuous
capacity (kW)

640 to 710 V DC (Varies according to the input voltage)
55

75

90

110

132

160

200

220

280

315

355

400

500

-

-

65

88

103

126

150

182

227

247

314

353

400

448

560

-

-

120% of continuous rating −1 min

Overload rating
Voltage

Input power

640 to 710 V DC (Varies according to the input voltage)

Number of phases, voltage
and frequency
Allowable fluctuation of
voltage and frequency

3-phase, 3-wire type, 380 to 440 V, 50 Hz / 380 to 460 V, 60 Hz
Voltage: −15% to +10%, Frequency: −5% to +5%, Voltage phase unbalance rate: within 2%

which have a constant torque load. Meanwhile, the
main applications of the LD (VT) specification, which
has a 1-minute overload rating equal to 120%, include
fans, pumps, and other square reduction torque loads*5.
The LD (VT) specification is economical because it allows use of PWM converters with a small capacity corresponding to the load capacity. In this way, we provide a rich capacity line-up, from which a PWM converter best suited for each application can be selected.
2.2 Capacity expansion by multiple connections

Applications exceeding 630 kW can be accommodated by connecting PWM converter units in parallel to increase capacity. With the control option card
“OPC-RHCE-TBSI,” high speed serial communication
*5	Square reduction torque load: A load in which the load
torque varies in proportion to the square of the rotational speed

terminal block installed, all PWM converters in parallel system can be connected via a fiber optical cable.
This allows converter’s internal control to synchronize
current of all converters connected; therefore a parallel
system is achieved.
Parallel connection includes two methods depending on whether an input isolation transformer is used
or not. In a transformerless system without an isolation transformer on the input side, the conventional
RHC-C Series allowed up to three parallel connections. As shown in Fig. 2(a), the maximum number of
parallel connections has been increased to four with
the FRENIC-RHC Series. This has been achieved by
improving the speed of serial communications via optical fiber from 1 Mbps to 2.5 Mbps. In a transformerisolated parallel system with an isolation transformer
provided on the input side, up to six parallel connections are allowed as shown in Fig. 2(b). With parallel connections like these, the 400-V MD specification
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MD (CT)
specification

30

Input power

Input power
Isolation transformer

Auxiliary
equipment*

Auxiliary
equipment

Auxiliary
equipment

R S T

R S T

TBSI

TBSI

TBSI

TBSI

P

P

P

P

Auxiliary
equipment

R S T Optical R S T
TBSI
P

N

communication

N

N

Auxiliary
equipment

Converter
unit

N

P

P

N

N

Auxiliary
equipment

Auxiliary
equipment

Auxiliary
equipment

Auxiliary
equipment

Auxiliary
equipment

R S T

R S T

R S T

R S T

TBSI

TBSI

TBSI

TBSI

TBSI

P

P

P

P

P

R S T Optical R S T
communication

N

N

(a) Transformerless parallel system
(up to 4 parallel connections)
Product line-up
Application load
200 V

MD (CT)
[LD (VT)]

400 V

MD (CT)
[LD (VT)]

N

N

N

(b) Transformer-isolated parallel system
(up to 6 parallel connections)

Transformerless parallel system (up to 4 parallel connections)

Specification

N

Transformer-isolated parallel system (up to 6 parallel connections)

Standard applicable inverter capacity (kW)
50
30 [37]

100
90 [110]

45 [55]

500

1,000

5,000

350 [400]
500 [630]
630 [500]

2,400 [1,900]
3,700 [3,000]

(c) Capacity line-up including multiple connections of “FRENIC-RHC Series”
* Auxiliary equipment: Filter circuit reactor required for converters, etc.

Fig.2 “FRENIC- RHC Series” parallel connection configuration

allows the capacity to be expanded to 2,400 kW for
transformerless parallel systems and to 3,700 kW for
transformer-isolated parallel systems, which is shown
in Fig. 2(c).
2.3 Traceback function

The traceback function provided in the highperformance vector controlled inverter “FRENIC-VG
Series” has been added to the FRENIC-RHC series as
a standard feature. The function records the internal
data and the date and time of the PWM converter im-

mediately before and after the occurrence of an alarm
and uses the battery to make a backup. The input
voltage and current can be measured in a minimum
sampling period of 62.5 μs. As shown in Fig. 3, these
can be shown as time series waveform data on the
PC screen by using PWM converter support software
“FRENIC-RHC Loader” (downloadable for free from
Fuji Electric website*6), which facilitates analysis of
alarm generating factors.
2.4 Control options

Table 2(a) lists the control options including communication options supported by the FRENIC-RHC
Series and Table 2(b) restrictions on control option installation.
High-speed, large-capacity E-SX bus communications, which is already supported by the FRENIC-VG
Series in Table 2, is supported by the FRENIC-RHC
Series as well. With the conventional SX bus, the
maximum number of data that can be transmitted and
received in a minimum period of 500 μs was 16 words.
The E-SX bus is capable of transmitting and receiving

Fig.3 Traceback screen provided by “FRENIC-RHC Loader”
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*6	“FRENIC-RHC Loader” free download link on Fuji
Electric website
https: //felib.fujielectric.co.jp/download /index.
htm?site=global&lang=en
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Table 2 Control options
(a) Control option list

Category

Type

AIO extension card

OPC-VG1-AIO

AO 2-points extension card

Analog card (for B port only)

AC fuse blown detection card

OPC-RHCE-ACF

Card for detecting AC fuse blown

DIO extension card

OPC-VG1-DIO

When DIOA is set: DO 8-points extension card

T-Link interface card

OPC-VG1-TL

T Link interface card

CC-Link interface card

OPC-VG1-CCL

CC-Link interface card

SX bus interface card

OPC-VG1-SX

SX bus interface card

E-SX bus interface card

OPC-VG1-ESX

E-SX bus interface card

OPC-RHCE-TBSI-□

Used for parallel systems
Type dependent on voltage series

Digital card (for A or B port only)

Digital card (for D port only)
Control circuit terminal (for F port
only)

High-speed serial communication supported terminal board

(b) Restrictions on mounting control options

OPC-□□□-□□□□

AIO

Specification

OK: Can be mounted together, NG: Cannot be mounted together
ACF

DIO

TL

CCL

SX

ESX

TBSI

VG1-AIO

NG

-

-

-

-

-

-

-

RHCE-ACF

OK

NG

-

-

-

-

-

-

VG1-DIO

OK

OK

NG

-

-

-

-

-

VG1-TL

OK

OK

OK

NG

-

-

-

-

VG1-CCL

OK

OK

OK

NG

NG

-

-

-

VG1-SX

OK

OK

OK

OK

NG

NG

-

-

VG1-ESX

OK

OK

OK

NG

NG

NG

NG

-

RHCE-TBSI-□

OK

OK

OK

OK

OK

OK

OK

NG

up to 32 words of data in a minimum period of 250 μs,
which has allowed detailed operation status of the
FRENIC-RHC Series to be monitored on the host side.

Input current (R-phase)

3. Operation Characteristics

Phase voltage (R-phase)

1,000 A

3.1 Input current and harmonic characteristics

Figure 4 shows the PWM converter input current
and phase voltage waveforms for driving and braking
with 400-V, 315-kW FRENIC-RHC (type: RHC315-4E)
at a load factor of 150%. They show a sine wave. During driving, a current was controlled having the same
phase as the voltage and the power factor being to 1.
Figure 5 shows the content rate of the input harmonic current of the PWM converter when driving this
model at a load factor of 100%. The measurement has
been made for up to the 50th order and the harmonic
content for each order is shown with the fundamental wave component (1st order: 60 Hz) as 100%. The
second-order component show the highest content at
1.04% and the total harmonic distortion factor THD *7
is 1.85%.
With general inverters that perform three-phase
full-wave rectification without any measures taken
against harmonics, the harmonic content of the seventhorder component is approximately 40%, which indi-

√¯(Σ I n2)
× 100
*7 THD =
I1
I1: Fundamental wave current
In: nth-order harmonic current

10 ms

(a) Driving operation (150% load)
Input current (R-phase)

Phase voltage (R-phase)

1,000 A

10 ms

(b) Braking operation (150% load)

Fig.4 “FRENIC-RHC” (RHC315-4E) input current and phase
voltage waveforms

cates that the employment of the PWM converter significantly reduces harmonic current.
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Name

Analog card (for A port only)

100.0

Converter 1 R-phase input current
R-phase combined current
Converter 2 R-phase input current

10.0

(%)

150-A each converter current
375-A combined current
1.0

0.1

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41

(Order)

Fig.5 “FRENIC-RHC” (RHC315-4E) input current harmonic
characteristics

After +44 V overshoot, intermediate
voltage settle down to 710 V, a level
before sudden change in load

710 V

44 V
500 ms

Intermediate
voltage
800 A
Input
current

After sudden change to no-load, input
current stable without hunting

Sudden change to no load

Converter 3 R-phase
input current
Converter 4 R-phase
input current

2 ms

Fig.7 “FRENIC-RHC” (RHC75-4E) transformerless parallel
system (four parallel connections) input current
waveforms

The figure shows the waveforms of the R-phase input
current and the combined current of the four PWM
converters. The R-phase current waveform of each
converter is sinusoidal and the peak value and phase
of the individual waves coincide with each other, indicating that the current control of the parallel system is
operating correctly. The THD of the combined current
here is 2.31%, showing good harmonic characteristics.

4. Postscript
Fig.6 “FRENIC-RHC” (RHC315-4E) impact load characteristics

3.2 Impact load characteristics

Figure 6 shows the impact load characteristics with
the load suddenly changed in this model RHC315-4E.
The overshoot of DC bus voltage when the load is instantaneously reduced from 100% to 0% is controlled
lower than 44 V, which means there is still enough
margin to overvoltage level. This guarantees the stable
operation of the equipment.
3.3 Operation characteristics of transformerless parallel
system

Figure 7 shows input current waveforms in a transformerless parallel system operated with four parallel connections. As the PWM converters, four units of
400-V, 75-kW RHC75-4E were connected and driven
with a load factor of 100% for each PWM converter.
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This paper has described the “FRENIC-RHC Series”
high power factor PWM converters with a power regeneration function. In the future, we will promote the
development of a stack type and compliance with standards for industrial plants and harbor cranes, which
require a large number of inverters. We have made
the FRENIC-RHC Series applicable to a wide range of
fields by expanding capacities through the improved
capacity line-up and use of parallel systems, enhancing
functions and providing support for E-SX bus communication, which features high speed and large capacity.
We will further strive for product development to make
PWM converters capable not only of providing measures against harmonics when an inverter is applied or
used for applications such as power regeneration but
also of meeting new market demands as a system combined with an inverter.
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Retrofit Components for “FRENIC4600FM4 Series”
Medium-Voltage Inverters
YAMADA, Tatsuya *   ICHI, Yoshitaka *   TAKAHASHI, Yoshikazu *   

Medium-voltage inverters that are over 20 years old and have reached the end of their service life need to be
replaced with a new model. However, replacing the entire inverter panel will require additional foundation work, resulting in longer downtime periods for the facilities. In addition, depending on the installation location, other problems
could occur, such as the service entrance being too narrow to carry in the panel. Therefore, Fuji Electric has developed the “FRENIC4600FM4RF Series,” as a line-up of retrofit components for the “FRENIC4600FM4 Series.” It can
shorten the downtime periods and solve the carry-in problems by replacing only consumable components, such as
inverter cells and control stacks, rather than the entire medium-voltage inverter panel.

1. Introduction
High-reliability, high-efficiency and high-powerfactor medium-voltage inverters, which provide direct
variable-speed control for medium-voltage motors of
3.3 to 6.6 kV used in fans, pumps, blowers, compressors, extruders, mixers and other equipment, are
greatly contributing to stable operation and energy
saving.
In 1999, Fuji Electric released the “FRENIC4600FM4
Series,” which is shown in Fig. 1. For medium-voltage
inverters that have been installed more than 20 years
before and whose maintenance period has expired, we
propose replacement with new models, rather than
overhaul. Because of the large panel structure of
medium-voltage inverters, however, replacement from

Fig.1 Medium-voltage inverter “FRENIC4600FM4 Series”

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

the foundation work requires the customer’s equipment to be shut down for a long time, which hinders
us from proposing effective replacement. In addition,
replacement may be difficult in some cases depending
on the installation location, such as where the carry-in
entrance for materials and equipment is too small to
carry in the panel.
Accordingly, in order to solve these problems, we
have developed retrofit components that reduce the
replacement time and allow replacement even with
a small carry-in entrance by replacing only the lifelimited equipment rather than the entire panel. This
paper describes the “FRENIC4600FM4RF Series” for
retrofit.

2.	Positioning of “FRENIC4600FM4 Series” and
Related Series
Figure 2 shows the circuit configuration of a medium-voltage inverter. The FRENIC4600FM4 Series
medium-voltage inverters can output three-phase medium voltage by using multi-serial connection of threelevel single-phase inverters (inverter cells) and connecting them in a star configuration. Furthermore, a
multi-winding phase shifting transformer is mounted
to supply input voltage with a phase displacement to
each inverter cell. In 2005, the “FRENIC4600FM5
Series” was released as its successor model.
Then, in 2015, we started mass production of the
“FRENIC4600FM6e Series,” which was provided with
further capacity line-up expansion and improvement
and addition of functions. This series has adopted inverter cells with two-level single-phase inverters and
provides an option of film capacitors, which feature
long life. It also has a cell bypass function, which bypasses any inverter cell that has failed to continue operation while keeping running only with sound cells.
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ABSTRACT

Inverter
cell
Inverter
cell
Inverter
cell
Inverter
cell
Inverter
cell
Inverter
cell

CTR

Three-phase 3,300 V AC
(a) Main circuit configuration (3.3 kV)

(b) Inverter cell circuit configuration

Fig.2 Circuit configuration of medium-voltage inverter

For any FRENIC4600FM4 Series installation that
has reached the expiry date, we recommend removal of the equipment to replace it with the latest
FRENIC4600FM6e Series. Meanwhile, in cases where
removal and replacement is not possible due to various
restrictions, the FRENIC4600FM4RF Series has been
designed to allow retrofitting by partial replacement.

replaced, which is one of the beneficial features of the
FRENIC4600FM4RF Series. By continuing to use the
existing large panel housing, input transformer and
main circuit cables, the equipment’s service life can be
extended without replacing the entire medium-voltage
inverter.
Table 1 shows the specifications of the
FRENIC4600FM4RF Series. The line-up offers capac-

3. Overview
Table 1 “FRENIC4600FM4RF” Series major specifications

Figure 3 shows the internal structure of the
FRENIC4600FM4 Series. The panel is composed of
multiple inverter cells [see Fig. 3(a)], a control stack to
control the respective inverter cells [see Fig. 3(b)], input transformer [see Fig. 3(c)] and other electrical components, such as fans and power supply, housed inside.
Of these, only the inverter cells and control stack
that has been used for more than 20 years of maintenance period and some electrical components need to be

(a) Inverter cell
(to be replaced)

(b) Control stack
(to be replaced)

Item

Specification

Receiving voltage

3φ 3,300 V AC
50 /60 Hz

3φ 6,600 V AC
50 /60 Hz

Transformer
secondary voltage

500 V AC × 12
circuits

500 V AC × 24
circuits

Voltage

3,300 V AC
(proportional to
input voltage)

6,600 V AC
(proportional to
input voltage)

Output

Maximum
frequency
Capacity (kVA) 400

550

825

800 1,100 1,650

Rated
current(A)

96

144

70

144

2-quadrant (no rotational braking)
Constant V /f control (simplified
sensorless vector control)

System
Range

1:50

Accuracy

Digital setting frequency: ±0.01%
Analog setting frequency: ±0.5%

Installation
location

Indoors, 1,000 m or less in altitude

Ambient Temperature
condiHumidity
tions
Atmosphere
No need to replace the panel

96

120% for 60 sec

Operation mode

(c) Input transformer
No need to replace it

70

100% continuous

Rating

Control

60 Hz

Storage panel

20% to 85% RH (no condensation)
General environment without exposure to corrosive gases, dust, fire
or explosive gases
Enclosed self-standing type

Protective structure
Cooling system

0°C to +40°C

IP20
Forced air cooling

Fig.3 Internal structure of the “FRENIC4600FM4 Series”
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4. Features

Main
control

Local
control 1

5 lines

4.1 New inverter cell

Figure 4 shows the appearance of the inverter cell
developed for the retrofit FRENIC4600FM4RF Series.
Its external dimensions, the position and size of the
mounting holes and the terminal positions have been
designed to be same as those of the FRENIC4600FM4
Series that needs to be replaced to eliminate the need
for remodeling of the inverter panel and replacement
of wires, resulting in reduced man-hours for replacement work.
The inverter cells incorporate the insulated gate
bipolar transistors (IGBTs) and the corresponding control circuits that are same as those of the
FRENIC4600FM5 Series, which have a proven track
record. They control the IGBTs by transmitting control signals from the control stack, which will be described later, to a local control device of each inverter
cell via an optical fiber cable. Communication between
the FRENIC4600FM4 Series control stack and each
inverter cell requires a large number of optical fiber
cables as shown in Fig. 5. This increases the number of
man-hours for wiring work. In addition, it is difficult
to locate breaks when fault occurs in these transmission paths, which are used for monitoring the operating conditions of each cell using a loopback method.
In order to solve this problem, for the
FRENIC4600FM4RF Series, the transmission configuration has been changed to the one that has been
proven with the latest FRENIC4600FM6e Series. Figure 6 shows this transmission system.
(1) Conventionally, each cell required five optical fiber cables for transmitting IGBT control signals
[PWM (pulse width modulation) signals]. The
FRENIC4600FM4RF Series has adopted highspeed serial data communications and a system
of translating the stream data to control signals
on the local control equipment, which has suc-

Fig.4 “FRENIC4600FM4RF Series” inverter cell

Local
control 2

. . .

5 lines

5 lines

(a) Transmission of FRENIC4600FM4 PWM signals

+
Main
control

Local
control 1

Local
control 2

. . .

(b) Transmission of FRENIC4600FM4 operation conditions

Fig.5 Transmission circuit (conventional)

Main
control

Local
control 1

Local
control 2

. . .

(a) Transmission of FRENIC4600FM4RF PWM signals

+
Main
control

Local
control 1

Local
control 2

. . .

(b) Transmission of FRENIC4600FM4RF operation conditions

Fig.6 Transmission circuit (retrofit component)

cessfully reduced the number of optical fiber
cables for transmission from five to one.
(2) The transmission system for monitoring the operation conditions of each cell has been changed
from the conventional loopback method to serial
communication method. In addition, the configuration has been changed to use one-to-one
connection between the control stack and each
cell by adopting a system where the local control
device transmits data in response to serial data
received.
This change has not only reduced the man-hours
of wiring work but also facilitated identification of an
abnormal cell by the control stack when any abnormality occurs in the transmission path and the abnormal
transmission path can now be clearly indicated by dis-
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ity ranges of 400 to 825 kVA with the 3.3-kV series and
800 to 1,650 kVA with the 6.6-kV series.

Table 2 Outline specifications of chart function
Item

Specification

Sampling time

0.001 to 1 s

Number of samples

5,000 points/ch

Number of channels

Total of analog + digital channels: 32 ch

Trigger detection

Can be set to analog or digital

Fig.7 “FRENIC4600FM4RF Series” control stack

play.
4.2 Control stack

Figure 7 shows the control stack of the retrofit
FRENIC4600FM4RF Series. As with the inverter cell,
the external dimensions of the control stack, the position and size of the mounting holes and the terminal
positions have been designed to be same as those of the
FRENIC4600FM4 Series, which eliminates the need
for remodeling of the inverter panel and replacement
of wires, resulting in reduced man-hours for replacement work.
Based on the control circuit of the latest
FRENIC4600FM6e Series and thanks to the usage of
up-to-date control software, control performance and
multifunctionality equivalent to those of the latest series have been realized. In addition, the transmission
system of the optical fiber cable has been improved as
described above. Furthermore, the USB interface has
been newly added to significantly improve the function
of the maintenance tool, which will be described later.
4.3 Maintenance tool DDC loader

Use of the maintenance tool direct digital control
(DDC) loader facilitates operations required for maintenance such as setting, changing, viewing and saving
control parameters, running status display and checking fault causes.
Due to the fact that the conventional
FRENIC4600FM4 Series, which needs to be replaced,
acquires data via the RS-232C interface, the DDC
loader could not transmit data at high speed. The
DDC loader of the FRENIC4600FM4RF Series, the retrofit components, supports the USB interface capable
of transmitting a large amount of data at high speed,
and has a newly developed chart function. Table 2
shows the outline specifications. As a result, the internal instantaneous data of the medium-voltage inverter
can be visualized as waveforms on a real-time basis.
Provision of this function has significantly reduced
the man-hours required for waveform checks during
adjustment in the delivery test. For example, this
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Fig.8 Waveforms drawing by chart function during commercial
synchronous input operation

eliminates the need for measuring instruments that
had to be installed at the respective measuring points
for checking the voltage, current and other waveforms.
In addition to the availability of a wide variety of
graph line types and the capability of position adjustment, the screen capture function can be utilized to
directly paste acquired waveforms on a report and to
output the instantaneous value data of the acquired
waveforms to an Excel*1 file, which facilitates data
analysis and has greatly alleviated the workload for report preparation.
Figure 8 shows an example of waveform drawing
by the chart function during commercial synchronous
input operation. Commercial synchronous input operation provides a function of accelerating a mediumvoltage motor to the commercial power supply frequency and matching the phase and amplitude of the
inverter output voltage with those of the commercial
power supply to switch the inverter drive to the commercial power supply drive. It allows multiple analog
and digital signals to be displayed simultaneously,
which provides useful information for rational adjustment work.

5. Operation Characteristics
This section describes typical operation characteristics of the retrofit FRENIC4600FM4RF Series.
5.1 Multi-level PWM control

Fuji Electric’s medium-voltage inverters employ
*1	Excel is a trademark or registered trademark of
Microsoft Corporation.
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Fig.9 Output

voltage waveform during multi-level PWM control
(3.3-kV series: between U and V lines)

multi-level PWM control, in which an output voltage
variation translates to one stage of the cell DC voltage.
The FRENIC4600FM4RF Series has been designed for
connection of the same number of three-level inverter
cells as that of the FRENIC4600FM4 Series for providing the same output characteristics to allow compatible
replacement of existing medium-voltage inverters. Figure 9 shows a sample output voltage waveform of the
3.3-kV series.
5.2 Free-run restart (also known as “flying start”)

Fuji Electric’s medium-voltage inverters can be
restarted by free-run restart after recovery from an
instantaneous power interruption or from idling due to
the influence of load machines.
The FRENIC4600FM4RF Series adopts the current
drawing method used in the latest FRENIC4600FM6e
Series. Figure 10 shows an example of waveform drawing by the chart function of free-run restart using this
method. The current drawing method has the follow-

Fig.10 Waveform drawing of free-run restart by chart function

ing characteristic: The inverter output frequency is
increased immediately after a restart and a large current flows when the rotation frequency of the motor is
lower, in which case the inverter output frequency will
start to fall until the current reaches a predetermined
value or lower to synchronize the inverter output frequency with the rotation frequency of the motor. This
has achieved stable restarts without tripping. By
adopting this method, the adjustment time required
for restarting has become shorter compared with the
FRENIC4600FM4 Series, which uses the speed search
method.

6. Postscript
This paper has described retrofit components for
the “FRENIC4600FM4 Series” medium-voltage inverters. In the future, we intend to develop retrofit components for the “FRENIC4600FM5 Series” to meet further replacement demand.

Retrofit Components for “FRENIC4600FM4 Series” Medium-Voltage Inverters
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Inverter output
voltage

“FRENIC4000VM6” Low-Voltage Industrial Plant
Inverter
HINATSU, Ryo *   
ABSTRACT
As conventional plant control systems are being streamlined and consolidated to improve productivity, compatibility is required for external dimensions and functions. These control systems are also needed to comply with the
revised Japanese Industrial Standards (JIS), while simultaneously securing sustainability of existing equipment and
saving maintenance work. To meet these demands, Fuji Electric developed the “FRENIC4000VM6” low-voltage industrial plant inverter. It is first equipped with the high-speed E-SX bus, capable of handling high-capacity communications, enabling it to improve control speeds and greatly increase the number of inverters per controller. These
enhancements facilitate the building of large-scale plant systems.

1. Introduction
Fuji Electric’s variable-speed control systems contribute to the development of the manufacturing industry in terms of control of steel and nonferrous metal
manufacturing, paper manufacturing and other plants
by meeting various user demands such as faster manufacturing processes, higher product quality and stable
operation.
Recently, conventional systems are being streamlined and consolidated to improve productivity of
plants. When replacing with a new model, compatibility with the conventional model in external dimensions
and functions is required to ensure continuity from the
existing equipment. In addition, there is also a need to
comply with the Japanese Industrial Standards (JIS),
which were revised on July 1, 2019 for consistency
with international norms including international standards and safety standards, as well as further requirement for maintenance labor saving.
Fuji
Electric
has
developed
the
“FRENIC4000VM6” low-voltage industrial plant inverter that complies with these needs and the JIS.
This paper describes the features of the
FRENIC4000VM6 and an example of its application to
plants.

Fig.1 “FRENIC4000VM6”

The Japanese Industrial Standards were revised
on July 1, 2019. The safety requirements for electrical
equipment and variable-speed drives in JIS B 9960-1
and JIS C 61800-5-1 have been modified by changing
the requirements for grounding systems and equipment safety stop to ensure consistency with international standards. Therefore, the conventional variablespeed drive systems as they are may be unable to comply in some cases. Accordingly, FRENIC4000VM6 has
been designed to comply with the new JIS to allow installation in various systems in Japan and overseas.

2. Features of the “FRENIC4000 VM6”
2.2 Panel installation space saving

Figure 1 shows the appearance of the
FRENIC4000VM6 and Table 1, its major specifications,
followed by description of its features.
2.1 Compliance with Japanese Industrial Standards

*	Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
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An inverter unit is a plug-in structure in which
an inverter circuit and auxiliary equipment such as
capacitors are integrated into a unit. Figure 2 shows
the installation configuration of the units in a panel.
As with conventional models, the panel structure for
a capacity of 300 kVA or less stacks the units to house
them, and that for 450 kVA or more does not use the
unit configuration. The units for 25 kVA or less allow

Table 1 Major specifications of “FRENIC4000VM6”
Standard specifications

Remarks

Compliance

JIS: JIS B 9960-1, 2019; JIS C 6180-5-1, 2016; JIS C 4421, 2008
IEC: IEC 60204-1, 2016; IEC 61800-3, 2017; IEC 61800-5-1, 2007+A1 /2016

With PWM converter applied

Altitude

1,000 m or less above sea level

Nonstandard specification
possible by derating

Ambient temperature

0°C to + 40°C

-

Relative humidity

20% to 90%RH

No condensation

Inverter capacity (kVA)

Unit type

10, 15, 25, 38, 50, 75, 100, 150, 225, 300

Multiple connection for
1,200 kVA and above

Panel type

450, 600, 900, 1,200, 1,800, 2,700, 3,600, 4,500, 5,400

-

Overload capacity

150% −1 min

-

Inverter output voltage

3-phase 400 V AC

-

Maximum frequency

200 Hz (maximum)

-

Speed control

ASR fixed cycle 1 ms

-

Control method

Vector control

Sensorless vector control

-

Speed control accuracy

±0.005%

±0.5%

-

Speed control response

40 Hz

4 Hz

Excluding mechanical system

Speed control range

1:1,000

1:100*1

*1: 0.5 Hz or higher

Torque accuracy

±5%, ±3%*2 of rated torque

±5% of rated torque

*2: By a combination test
with a motor

Cubicle structure

Front maintenance, IP20, forced air cooling

-

Cable lead-in

Bottom lead-in

-

Inverter capacity (kVA)

Maximum number stored (per panel)

10, 15, 25

12 units

38, 50, 75

8 units

100, 150

4 units

225, 300

2 units

450, 600, 900

1 set (Panel structure)

2,300
60

2,715

36.5

(Unit: mm)

900*

900

900

900

800

650

: Unit
* Panel width : 800 mm also available by custom order

Fig.2 Inverter storage panel

12 stacks, which is the largest number of multiple
stacks in the industry, and the units of different capacities from 10 to 300 kVA allow mixed stacks in a free
arrangement, thereby achieving significant space saving that allows panel arrangement in a limited space.

“FRENIC4000VM6” Low-Voltage Industrial Plant Inverter

2.3 Retrofitting for conventional model

To meet the demand to replace the previous model
“FRENIC4000VM5R,” we offer a retrofit type with
compatibility ensured in appearance, dimensions and
functions. It can flexibly meet customers’ various budgets, needs and constraints by replacement of individual units using the existing panel.
2.4 Improvement of accessibility

With the loader, monitoring and trace functions
improved from the conventional models, maintenance
labor can be further reduced. The functions that have
been enhanced are as follows.(1)
(1) Operation display screen function
The actual parameter values and internal parameter values can be compared and displayed in a block
diagram on the monitor to allow the operating conditions to be recognized at a glance.
(2) Failure history screen function
While the loader of the conventional models provided a view of 40 failure records maximum, up to 100
records can now be displayed in the order of occurrence. Checking the factors retrospectively is useful
for trend management and preventive maintenance.
(3) Low-speed trace function
The loader of the conventional models was only
equipped with high-speed trace function capable of
sampling 225 points at 1 ms intervals at the time of
failure, which allowed analysis of instantaneous electrical behavior before and after the occurrence of the
failure but it was difficult to estimate the mechanical
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Item

Drive controller
Drive transmission

Loader

Inverter
Invertercard
Ethernet
Invertercard
Ethernet
Ethernet
card

Inverter
Inverter
Ethernet
Inverter
Ethernet
Ethernet
card

Inverter
Inverter
Ethernet
Inverter
Ethernet
Ethernet
card

Ethernet* Communication

(a) New loader system (1:N connection by Ethernet communications)

Drive controller
Drive transmission

Loader

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

USB Serial communication

(b) Conventional loader system
(1:1 connection by USB serial communications)
* Ethernet is a trademark or registered trademark of FUJIFILM Business Innovation
Corp.

Fig.3 Loader connection

behavior before and after the occurrence of the failure.
With the newly added low-speed trace function capable
of sampling 225 points at intervals of 200 ms, behavior
for a period approximately 200 times longer than with
the conventional models can now be recorded. This
has allowed mechanical factors to be estimated from
the changes in electrical behavior before and after the
occurrence of failures, resulting in a shorter analysis
time than in the past.
(4) The 1:N connection function for the loader and inverters
The connection system between the loader and the
inverter has been expanded from the conventional 1:1
connection to 1:N connection, which provides the capability of collective monitoring and management of
multiple units (see Fig. 3). As a result, the status and
parameter management of several hundred inverters
can be performed at one place, greatly reducing the
maintenance work of the user.
2.5 Provision of “E-SX bus”

The super high-speed system bus the “E-SX bus”
has been provided. The I /O capacity has been expanded from the conventional 512 words maximum to
4,096 words. By combining with a dedicated controller, up to 126 inverters can be connected to one programmable logic controller (PLC), which is an eight
times larger number of inverters than in the past.
This makes possible simple configurations even in
large-scale plant systems. When combined with the
“XCS-3000 Type E,” loopback control allows operation
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to be continued if the communication line is disconnected at one point, achieving stable operation of the
equipment. The performance of the E-SX bus is as follows.
(1) Bus transmission speed: 100Mbps
(2) Bus distance: 100 m (inter-station), 1 km (total
extension)
(3) I /O capacity: 4,096 words
(4) Refresh performance: 512 words/ms

3. Example of Application of “FRENIC4000VM6”
Figure 4 shows an example of replacement in a
steel process line.
In the continuous galvanizing line, there are hundreds of motors that require the provision of highspeed and high-precision aligned speed control, tension
control and load balance control to apply an appropriate speed and tension to a plated steel plate material. In data transmission of conventional inverter
models, there is a trade-off relationship between highspeed control and I /O words per unit time. Therefore,
when a sufficient transmission capacity could not be
secured for controlling the motors, a large number of
drive controllers were provided for inverter connection.
Recently, there has been an increasing demand for

Line controller

One set of PLC allows management
Drive
controller

Drive
controller

Drive
controller

Drive
controller

SPH3000MG or XCS-3000 Type E
New E-SX bus transmission

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

(a) Replacement using the E-SX bus

Line controller

Drive
controller

Drive
controller

Drive
controller

Drive
controller
Conventional
transmission or
PROFIBUS-DP*

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

Inverter
Inverter
Inverter

(b) System configuration of existing equipment
* PROFIBUS-DP is a trademark or registered trademark of the PROFIBUS User
Organization.

Fig.4 Example of replacement in steel process line
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consolidating drive controllers in order to streamline
maintenance operations for conventional systems like
this. To meet this demand, we have newly provided
the E-SX bus transmission, which achieves both highspeed control and large-capacity I /O area, allows the
number of conventional drive controllers to be reduced
to one-eighth, enabling plant maintenance and preservation to be streamlined.

plant inverter “FRENIC4000VM6.” We intend to continue to develop products that enable flexible system
construction and propose high value-added solutions.
References
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This paper has described the low-voltage industrial
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“ALPHA7 Series” Servo System: New Functions and
Application Examples
YAMASHITA, Satoshi *

TAKAYAMA, Tetsuya *

TANIGUCHI, Toru *

ABSTRACT
Servo systems have been increasingly used for applications in all types of industrial machinery, including semiconductor and LCD manufacturing equipment, electronic parts processing equipment, printing machines, packaging
machines, and metal processing machines. To meet market demands, Fuji Electric has developed the new models
of “ALPHA7 Series” that is compact and have enhanced overload capacity, as well as improved basic control performance, including the industry’s highest processing speed and high accuracy. It also comes with a new load torque
monitoring function, open networks (EtherCAT), and safety functions that comply with functional safety standards.
Combining it with Fuji Electric’s multivariate statistical process control (MSPC) can help users to improve safety, security and productivity.

1. Introduction

Table 1 Product specifications

Recently, servo systems have been increasingly
used for applications in all types of industrial machinery, including semiconductor and LCD manufacturing equipment, electronic parts processing equipment,
printing machines, packaging machines and metal
processing machines. Against this backdrop, there is a
growing need not only to improve the equipment availability by increasing the speed and accuracy but also to
improve productivity by preventing outflow of defective
products. We have developed and released the servo
system “ALPHA7 Series” that meets these needs.

Item

Specification

Command
interface

High-speed serial bus (SX bus communication),
pulse, analog, MODBUS**1, EtherCAT**2

Control mode

Position control, speed control, torque control

Capacity

0.05 to 5.0 kW

Main power
supply

200 to 240 V AC

Frequency
response

3,200 Hz

Feedback

24-bit serial encoder (incremental or absolute)

**1 MODBUS is a trademark or registered trademark of Schneider
Automation, Inc.
**2 EtherCAT is a trademark or registered trademark of Beckhoff Automation
GmbH.

2. “ALPHA7 Series” Overview
The ALPHA7 Series curbs the occurrence of defective products during processing by improving the
facility operation rate with the industry’s highest
level of speed and accuracy and by using a load torque

Servo amplifier
Servomotor

monitoring function that utilizes sensing technology.
Furthermore, enhanced overload capacity has been
achieved as well as size reduction. It also features
support for open networks (EtherCAT*1) and safety
functions that comply with functional safety standards
(such as STO SIL3).
Figure 1 shows the appearance and Table 1, the
product specifications of the ALPHA7 Series.

3. Features of “ALPHA7 Series”
3.1 Industry’s highest level of size reduction

Fig.1 “ALPHA7 Series”

Both servomotors and servo amplifiers have been
made more compact than conventional products.
Three types of servomotors, GYS, GYB and GYG for
different inertia zones, are available for the ALPHA7
Series. Figure 2 shows a comparison of the 0.2-kW
GYB motor with the conventional product. GYB and
GYG are among the smallest in the industry, reducing

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

*1 EtherCAT is a trademark or registered trademark of
Beckhoff Automation GmbH.
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Fig.3 Positioning operation waveforms
Fig.2 Servomotor size reduction

the total length of the motor by approximately 13% to
19% from the conventional models. The servo amplifiers can be mounted close together in the same way
as the conventional products. In addition, by reducing
the width by approximately 6% to 27% from conventional products, the mounting area has been reduced
by up to 12%, which further contributes to size reduction of mechanical devices.
3.2 EtherCAT support

Along with the progress of the Internet of Things
(IoT), industrial networks are migrating from field
buses based on RS-485 to industrial Ethernet*2 capable of transmitting and receiving more information
at a higher speed. In the field of factory automation
(FA), in particular, EtherCAT, which features excellent
real-time and synchronization performance, is attracting attention. The ALPHA7 Series now has a new addition to the line-up: the “ALPHA7 VC Type” equipped
with EtherCAT. Table 2 shows the major specifications. It is expected to be used in fields where highspeed, multi-axis synchronous control is required, such
as semiconductor manufacturing equipment.
3.3 Higher speed and higher accuracy

The ALPHA7 series has improved the frequency
response from the conventional 1,500 Hz to 3,200 Hz
by further improving the control algorithm developed

with conventional servo systems. In addition, the employment of a high-resolution 24-bit serial encoder in
all servomotors has achieved 16 times higher-accuracy
positioning operation than that of conventional products. Figure 3 shows an example of waveforms during
positioning control. Conventional products required
a delay from a command (positioning setting time) of
a few milliseconds, which has been improved with the
ALPHA7 Series to approximately 1 ms. This facilitates improvement of mechanical performance of semiconductor manufacturing and other equipment requiring short takt time and high accuracy.
3.4 Improved overload capacity

The magnetic structure of the magnet inside the
servomotor has been optimized to achieve a smaller
size and higher torque than in the past. Furthermore,
the latest power semiconductors have been used for the
servo amplifiers to optimize the thermal cooling structure, which has reduced temperature rise of the main
circuit, achieving the maximum torque of 350% (see
Fig. 4).
3.5 Improved safety

The ALPHA7 Series is equipped with a safe torque
off (STO) function conforming to the functional safety
standards IEC 61800-5-2 / IEC 61508 (SIL3) and ISO

400

Table 2 “ALPHA7 VC Type” product specifications
Baud rate
Device profile

300

100 Mbits/s

250

CoE*
pp, pv, hm,
csp, csv, cst

Supported control mode
Synchronous mode

Specification
Torque (%)

Item

DC (synchronous), SM2 (synchronous), FreeRUN (asynchronous)

Minimum cycle time

Maximum torque 350%

350

ALPHA7

Conventional product

200
150
100
50

125 μs

0

*CoE: CAN Application Protocol over EtherCAT

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

Rotational speed (r/min)

*2: Ethernet is a trademark or registered trademark of
FUJIFILM Business Innovation Corp.

Fig.4 Speed torque characteristics
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Conventional
product

Servo
amplifier

Standard configuration
Free-run

Motor
speed

STO*1
signal

ON

Servomotor position
and speed control

Position
command

Machine
model
New vibration
suppression
control

Safety option (WSU-ST1) used
SS1

SS1*2
signal

ON

STO

OFF

*2 SS1: Safe stop 1

SLS

Motor
speed

SLS*3
signal

Speed limit
value

ON

(a) New vibration suppression control

Servo
amplifier

OFF

*3 SLS: Safely-limited speed

Servomotor position
and speed control

Position
command

OFF

ON

*4 SSM: Safe speed monitor

Machine
model
ON

OFF

(b) Conventional vibration suppression control

*5 SBC: Safe brake control

Fig.5 Safety function

13849-1 (PL-e) as a standard feature. This has eliminated the need for redundant removal circuits (e.g. two
magnetic contactors) of the main circuit of the conventional models. Furthermore, combining the ALPHA7
Series motor with the safety option (WSU-ST1) has
enabled the setting of five types of safety functions
including SS1, SLS, SSM and SBC (SIL2, PL-d) as
shown in Fig. 5. The user can easily set the required
type for each mechanical device.

Fig.6 Comparison between block diagrams of new and
conventional vibration suppression control

0.5

New vibration
suppression control
Tip vibration (mm)

ON

(2)
(1)
0

Conventional vibration
suppression control
(1) Conventional vibration 0.54 mm
suppression control
Reduction
rate 57%
(2) New vibration
0.23 mm
suppression control

3.6 New vibration suppression control system

In an elastic structure such as a robot arm, vibration at the tip of a workpiece can be suppressed by conventional vibration suppression control. However, vibration may remain due to slight displacement because
the vibration is controlled only by position information
from a machine model.
The ALPHA7 Series adopts the method of vibration suppression control to suppress this vibration, as
shown in Fig. 6. This method has been enhanced by
adding a configuration for applying correction to the
configuration of the conventional product from the residual vibration components appearing in the position
feedback information from the encoder mounted on the
servomotor. As a result, vibration has been reduced by
57% compared with the conventional system (see Fig.
7).
3.7 Full-closed control system

Generally, as shown in Fig. 8, there are roughly
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Fig.7 Comparison between waveforms of new and
conventional vibration suppression control

two types of positioning control for machinery and
equipment: semi-closed control and full-closed control.
Semi-closed control controls the machine position
by positioning the servomotor though feedback control
using the information from the encoder mounted on
the servomotor. Therefore, errors in the transmission
mechanism (such as ball screws and gears) from the
motor to the machine cannot be controlled.
Full-closed control uses an external encoder to
detect the machine position for controlling the servomotor, which provides the capability of high-accuracy
positioning. Accordingly, when positioning not affected
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Machine
Abnormal torque

External encoder

Time

Fig.9 Block diagram of full-closed control of “ALPHA7 Series”

Fig.10 Speed, motor torque and load torque waveforms

by machine deflection or distortion is required, fullclosed control is adopted.
However, an external encoder is more significantly
affected by vibration resulting from mechanical resonance than the encoder of the servomotor. Therefore,
in high-takt operation likely to generate mechanical resonance, full-closed control only by the detected
value of the external encoder may lead to failure to
increase the control gain, which can poses a problem
of inability to provide sufficient performance such
as the setting time. Accordingly, with the ALPHA7
Series, both the feedback from the external encoder
and that from the servomotor encoder are used for position control, as shown in Fig. 9. The detected value of
the servomotor encoder is used to reduce the influence
of mechanical resonance and the external encoder is
used for final positioning. This has led to the achievement of high-speed and high-accuracy positioning operation. The full-closed control provided for the ALPHA7
Series is expected to be utilized in the semiconductor
manufacturing equipment and other industries where
high-speed, high-accuracy positioning is required.

ponent of the acceleration and deceleration torque is
larger than the component of the load torque at the
time of the actual occurrence of a caught foreign matter.
The ALPHA7 Series is capable of detecting an abnormal torque by extracting load torque that does not
include acceleration and deceleration torque, friction or
gravitational torque from the command torque, which
is monitored.
Possible applications are as follows.
(a) Detection of any dust stuck, foreign matter
caught and defect in the mechanism
(b) Detection of rubbing and collision with another
mechanism due to misconfiguration
(c) Detection of defective crimping of a harness processing machine
(d) Detection of any foreign matter caught in the
sealing section of a packaging machine
This function is provided individually as requested.

4. Examples of Application of “ALPHA7 Series”

3.8 Load torque monitoring function

4.1 Interference detection using load torque monitoring
function

Due to the demand for improvement of the quality of processed products, machine manufacturers that
produce equipment for bagging food, such as packaging
machines, are making special efforts to detect abnormalities during processing by using sensors and other
devices.
For example, when the command torque is used to
detect any foreign matter caught in the sealed part of
the bagging film, detection is not possible if the com-

Use of the load torque monitoring function of the
ALPHA7 Series enables interference detection, in
which disturbance to the device, such as a collision to
the machine end, is detected with the servo amplifier
to mitigate the impact at the time of the collision to the
machine (see Fig. 11).
With this load torque monitoring function, the
servo amplifier alone can perform the process of detecting a torque abnormality for protective operation,

“ALPHA7 Series” Servo System: New Functions and Application Examples
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Position
command
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even if collided
Collision

Collision

(a) Without load torque
monitoring function
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opposite direction
when collision is
detected

(b) With load torque
monitoring function

Fig.11 Interference detection by load torque monitoring
function

which was conventionally achieved with a upper-level
controller.
4.2 Abnormality detection and diagnosis system combining MSPC

This subsection presents an example of application
to press equipment.
Conventionally, a foreign matter was detected by
providing a sensor for detecting the load right under
the press axis to see the difference of the load.

Example) Abnormality detected: Indicator illuminated
Pressing
equipment
Diagnostic result

HMI

We have now combined the ALPHA7 Series
equipped with the load torque monitoring function and
a diagnostic module equipped with the multivariate
statistical process control (MSPC) diagnosis function
to construct an abnormality detection system for processed products without an external sensor, as shown
in Fig. 12.
MSPC diagnosis is an abnormality detection technique in which a diagnosis model is created based on
a large number of normal data and data deviated from
the diagnosis model are evaluated as errors using two
statistics: Q-statistic (deviation from the correlation)
and T 2-statistic (deviation from the mean).
For a press axis for harness processing as shown in
Fig. 12, the MSPC diagnostic module mounted on the
programmable logic controller (PLC) can be used for
diagnosis based on the data from the servo, which enables monitoring for any increase in the Q-statistic to
detect abnormality, as shown in Fig. 14.
In addition, using the load torque monitor function
together with the MSPC provides the capability, in the
case of press equipment, of detection of abnormalities
such as any foreign matter mixed in during processing
or a change in the thickness of the product.
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Fig.12 Abnormality detection and diagnosis system combining
MSPC
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This paper has described the new functions and
application examples of the servo system “ALPHA7
Series.” Furthermore, combining with Fuji Electric’s
MSPC diagnostic module improves system performance, which contributes to the user’s safety and security and improved production capacity.
In the future, we intend to expand the line-up to
meet the needs for capacity expansion and servo amplifiers for linear and DD motors.

10
0
200

100

Sampling time (ms)
(a) Diagnostic result for normal operation
Load torque

Load torque (%)

100
Change in
load torque

16
12
8
4

80
70

Q-statistic
Q-statistic increase
abnormality detected

60
50
40
30

0

20

−4
−8
0

90

Q-statistic
(Deviation from profile)

20

10
100

0
200

Sampling time (ms)
(b) Diagnostic result for abnormal operation

Fig.14 Results of MSPC diagnosis for normal and abnormal
data
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Snow Accretion Removal Device for Vehicle Detectors
of ETC Systems
NAGASHIMA, Jun *   HISAMA, Hirotomo *   TAKAHIRA, Isao⁑

An ETC vehicle detector is one of the roadside devices that compose an ETC tollgate. It is the main device responsible for detecting the passage of vehicles.
Fuji Electric has been providing a large number of
vehicle detectors since the dawn of ETC systems. As
of 2019, we have approximately 40% of the Japanese
market share.
Due to recent work style reform and labor shortages, expressway companies are taking measures
to make tollgates unmanned. Under these circumstances, there is a need to reduce the maintenance of
ETC vehicle detectors as well. However, in areas affected by snowfall, there are some obstacles caused by
adhesion of snow and ice, and this has been a major
issue that has hindered labor savings. To solve this
problem, we have developed a snow accretion removal
device for ETC vehicle detectors in collaboration with
NEXCO East Nippon Engineering Co., Ltd., a group
company of East Nippon Expressway Company Limited.

Roadside wireless equipment
(2nd antenna)
Intercome
ETC lane display
Roadside
Lane
display
monitoring
Camera
Roadside
Toll ticket
wireless
dispenser
equipment
(1st antenna)
In-vehicle
device

Vehicle
detector

Acceleration
controller
Vehicle detector

Vehicle
detector

Optical
window

1. Challenges for Vehicle Detectors in Snowfall
Areas

Vehicle detector

Figure 1 shows the configuration of an ETC lane.
The vehicle detector is a transmissive sensor consisting of multiple infrared light emitters and receivers.
Light-emitting and light-receiving devices are installed
on the left and right sides of the vehicle entry direction
to detect the passage of vehicles in each detection area.
Since the device is installed outdoors, rainwater, mud
splashed by passing vehicles, and even ice and snow
in snowy areas often adhere to the optical window.
Normally, in order to prevent erroneous detection of
vehicle passage due to such decreases in light-receiving
power caused by foreign objects adhering to the optical
window, a disconnection process is used via software to
exclude the area with decreased light-receiving power
from the detection functionality. However, in the
event of a snowstorm, the temperature of the casing
will drop and snow and ice will adhere to the entire optical window, making it impossible for the software to
handle such a situation. When vehicle detection is not
possible, ETC toll collection cannot be processed, leading to lane closure.

Fig.1 E
 TC vehicle detector lane configuration and vehicle
detector

Even when using the cold-weather vehicle detectors that are in our product line-up, in severe weather
conditions such as heavy snowstorms, the heaters in
the sensors may not be able to melt the snow in time.
In addition, there are events in which snow accumulates in an igloo-shaped manner that covers the foot
heaters that were installed at the bottom of the detectors to prevent snow accumulation. As a result, this
snow ends up obstructing the light path. As a countermeasure, we could simply increase the heater capacity,
but this would increase power consumption and put a
strain on the power supply from the customer’s substation. It is against this background that there has been
demand for “energy-saving and snow-resistant” vehicle
detectors that can achieve labor savings at remote tollgates and smart interchanges.

*	Power Electronics Systems Industry Business Group, Fuji
Electric Co., Ltd.
⁑ Sales Group, Fuji Electric Co., Ltd.
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Conventional unit
FVS-5

Foot heater
(New product)

(a) Snow accretion
removal device

(b) Conventional product

No accumulation of snow on
the surface (optical window).

The surface is covered with
snow and ice in a way that
obstructs the optical axis.

Foot heater
(Conventional product)

New Products

Panel heater
(New product)

Fig.3 Field test (optical window)
Fig.2 E
 quipment configuration of snow accretion removal
device
Table 1 Specifications of snow accretion removal device
Item
Panel heater power
Environmental specifications

Specification
160 VA
- 30°C to + 50°C

Foot heater length

400 mm (standard)

Foot heater width

200 mm

Foot heater power
(watt density)

120 VA (0.16 W /cm2)

2. Specifications and Features of the Snow
Accretion Removal Device
2.1 Specifications and features

Figure 2 shows the equipment configuration of the
snow accretion removal device, and Table 1 shows the
specifications of the snow accretion removal device.
The snow accretion removal device consists of a
panel heater built on large, flat, heat-resistant tempered glass that covers the front of the sensor and a
foot heater with a larger area than conventional products. Due to its modular structure, it can be retrofitted
to existing “FVS-5 Series” vehicle detectors.
2.2 Field test results

We performed a field test to compare the snow removal ability with that of a conventional product. Figure 3 shows the optical window and Fig. 4 shows the
foot heater.
As shown in Fig. 3, the panel heater of the device
is flat, making it difficult for snow to adhere to it, and
even if it does adhere to it, the melting snow and ice
easily slide off.
As shown in Fig. 4, the heating area of the foot
heater has been expanded while minimizing the increase in power consumption. This helps prevent

Optical axis

(a) Snow accretion
removal device

(b) Conventional product

Sufficient space is provided
for light transmission.

The snow accumulates in an
igloo-shaped manner that
covers the top of the foot
heater, blocking the
transmission of light.

Fig.4 Field test (foot heater)

igloo-shaped snow accumulation. For details, see Section 3.1.
During the test period, the vehicle detectors
equipped with the snow accretion removal device
did not show any snow accumulation at a level that
would affect the detection function. In particular,
we confirmed that the system could operate without
snow shoveling for about a week even when it was unmanned. In addition to improving the snow removal
performance of both the panel heater and foot heater,
we reduced the device’s power consumption by approximately 40% compared to conventional products
by enhancing its heating control, heat distribution, and
insulation structure.

3. Background Technologies
3.1 Temperature analysis technology

We made full use of thermal simulation technology
when researching the structure of the panel heater of
the snow accretion removal device. We parameterized
conditions such as the joining method of each element
constituting the panel heater, the thickness of the com-
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ponents, and the heater arrangement, and conducted
dozens of pattern simulations to determine the optimal
structure. Similarly for the heater capacity, by parameterizing the temperature and wind speed of existing
tollgates, we determined the minimum heater capacity
that can reach the target specification (temperature
rise value ΔT = 40°C).
We conducted the same analysis for the foot heater
and devised an arrangement for the heating elements
inside to prevent igloo-shaped snow accumulation.
This enabled us to increase the heating area without
increasing the power consumption, thereby improving
the snow prevention performance.
3.2 Temperature control technology

By measuring the temperature of the large panel
with thermocouples and performing feedback control
for the heater, we were able to equalize the temperature distribution and suppress the thermal stress on
the glass (see Fig. 5). By devising the arrangement
and fixing method of the heater, we designed a structure that selectively heats the panel. At the same
time, we improved heat retention by installing heat
insulating material on the back of the device, and enabled it to achieve significant power savings (40% reduction) compared to conventional products. Furthermore, since the temperature at which snow falls differs
in mountainous and plain areas, the heater temperature can be appropriately set and operated according to
the characteristics of each region.
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Temperature
High

Low

(a) Snow accretion
removal device

(b) Conventional product

It can be confirmed that the
optical window is uniformly
warm.

Heating is uneven, and there
are low temperature areas
between each sensor and at
the base of the foot heater.

Fig.5 Thermographic observation

Launch Date
April 2021

Product Inquiries
Sales Department I, Social Solution Division, Sales
Group, Fuji Electric Co., Ltd.
Tel: +81-3-5435-7025
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7th-Generation “X Series” 1,200-V/250-A RC-IGBT
Modules

In recent years, the demand for energy has been
expanding worldwide due to population growth and
economic growth. At the same time, various measures
are being taken to counter global warming by reducing CO2 emissions and to realize a responsible and
sustainable society. These circumstances have created
increasing expectations for power conversion systems
that efficiently and stably convert electrical energy.
Expectations are also rising for insulated gate bipolar transistor (IGBT) modules as key devices used in
power conversion systems.
It is against this backdrop that Fuji Electric has
been using a number of technological innovations to
achieve IGBT modules with miniaturization, lower
loss, and higher reliability, contributing to power conversion systems with reduced size and higher output
currents. These enhancements have helped reduce the
cost and improve the performance of equipment. Our
7th-generation “X Series” IGBT modules are the latest
products in the series and achieve even higher power
density through lower loss and higher reliability.
However, if the power density of IGBT modules is
increased by further downsizing and increasing output current, the junction temperatures of the IGBTs
and FWDs in IGBT modules will increase, which may
cause a reduction of reliability. In order to further
increase the power density of IGBT modules while
maintaining a high level of reliability, we developed
X Series RC-IGBT modules for industrial applications
with reverse-conducting IGBT (RC-IGBT) technology
in addition to X series technology.

+
IGBT

Area ratio

FWD

RC-IGBT

IGBT + FWD

RC-IGBT

0.78 + 0.55 = 1.33

1

Fig.1 RC-IGBT chip schematic

of the RC-IGBT chip can be reduced by approximately
23% compared to the total area of a conventional IGBT
chip and FWD chip.
The output current of the RC-IGBT module has
been expanded while maintaining the same package,
thanks to the low loss of X Series chip technology and
the improved heat dissipation of the RC-IGBT.

2.	Product Line-Up and EconoPACK™ 1,200 V
250 A
Figure 2 shows the product appearance, line-up and

Rated voltage (V)
1,200

Rated current (A)
100

150

200

IGBT + FWD

X

250
RC-IGBT

1. RC-IGBT Features

(Unit: mm)

In general, IGBT modules used in power conversion systems consist of two types of semiconductor
chips, namely, IGBT and FWD chips. These are connected in antiparallel as shown in Fig. 1 (IGBT + FWD
configuration). In contrast, RC-IGBT modules combine
the features of inversely connected IGBTs and FWDs
into a single chip. Under the same constant current
rating conditions, if the area of the RC-IGBT chip is
1, the area of a conventional IGBT chip would be 0.78
and the area of the FWD chip would be 0.55. Therefore, the heat dissipation area of each chip in the RCIGBT is larger and the thermal resistance is lower
than that of conventional chips. Furthermore, the area
*	Electronic Devices Business Group, Fuji Electric Co., Ltd.
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Fig.2 EconoPACKTM 1,200-V line-up
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Calculation conditions: V CC = 600 V, I o(rms) = 70 A (100 % continuous),
I o(rms) = 140 A (200 % 3 s), f o = 50 Hz, f SW = 8 kHz, V GE = ±15 V,
Power factor = 0.9, Modulation factor = 1.0, Ambient temperature = 50°C

400
Power dissipation (W)

equivalent circuit diagram of the newly developed 250-A
6-in-1 X Series RC-IGBT module with EconoPACK™ *1
package. This package was used to achieve a maximum current rating of 200 A for conventional X Series
IGBT modules that combine IGBTs and FWDs.
The X Series RC-IGBT module has improved the
saturation-voltage and switching-loss trade-off relationship and has reduced generated loss by applying X
Series miniaturization and wafer thinning technology.
Moreover, the use of a high-heat-dissipation insulating substrate as one of the package technologies of the
X Series and the enlargement of the chip area using
RC-IGBT single chip technology, has reduced thermal
resistance and improved heat dissipation compared
to conventional products. These technologies have increased the current rating to 250 A in the same package as a conventional IGBT + FWD module.

9%
reduction

T vj max = 175°C
∆ T vj = 62.9°C
341 W

P rr
Pf

200

P on

100

P off
P sat

X Series
RC-IGBT module

X Series
IGBT + FWD module

Fig.4 G
 enerated loss and junction temperature during
overload operation

Output current during Output current during
continuous operation
overload operation
(200%)
Output (100%)
3s
current
I o(rms) (A)

Junction temperature
during overload T vj (°C)

200

Figure 3 shows an operation pattern of switching
from continuous rated output operation (100% load)
to overload operation (200% load, 3 s) in a power conversion system. By switching to overload operation,
the output current increases and the heat generated
by the module increases rapidly. Figure 4 shows the
results of calculating the power dissipation, junction
temperature Tvj, and the increase in junction temperature ΔTvj from the steady-state operation during 3 s of
overload operation with the operation pattern shown
in Fig. 3. The X Series RC-IGBT module has 9% lower
power dissipation under the same operating conditions
compared to the X Series IGBT module. In addition,
the maximum junction temperature Tvj max is lowered
by 31°C.
Figure 5 shows the junction temperature after 3 s
of overload operation as a function of the rated output
current during the operation pattern shown in Fig. 3.

175
150

X Series
IGBT module

31°C

24%
increase

125
100
75
50
30

X Series
RC-IGBT module
40
50
60
70
80
90
Continuous rated output current I o(rms) (A)

100

Fig.5 O
 utput current and junction temperature during overload
operation

At a junction temperature of 175°C, the X Series RCIGBT module can increase output current by 24%
compared to the X Series IGBT module. As a result,
output current expansion and size reduction of power
conversion systems can be achieved by applying the X
Series RC-GBT module.

4.	Ensuring Reliability in EconoPACK™
1,200-V/250-A RC-IGBT

Time (s)

Junction
temperature
rise
∆ T vj
Time (s)
Calculation point

Fig.3 Operation pattern during overload operation
*1	EconoPACK™ is a trademark or registered trademark of
Infineon Technologies AG
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300

0

3. Features

Junction
temperature
T vj (°C)

T vj max = 144°C
∆ T vj = 33.7°C
312 W

Figure 6 shows Tvj waveforms in X Series IGBT
module and X Series RC-IGBT module chips after 3 s
of overload operation shown in Fig. 3. In conventional
IGBT + FWD configurations, the IGBT and FWD both
repeatedly generate and dissipate heat. On the other
hand, in the RC-IGBT module, the IGBT and FWD regions of the single chip generate heat alternately. This
means that heat can be dissipated in the entire region including the FWD region when the IGBT region
is operating, and similarly, heat can be dissipated in
the entire region including the IGBT region when the
FWD region is operating, resulting in high heat dissipation. As a result, the amplitude of junction tempera-
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51%
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Launch Date

130
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IGBT current
0

0.005

ture change (ΔTvj) can be significantly reduced compared to the conventional IGBT + FWD configuration.
Therefore, the X Series RC-IGBT module can significantly reduce the ΔTvj shown in Figs. 3 and 4 and
Tvj shown in Fig. 6, and can greatly reduce the thermal
stress in the module. This means that the RC-IGBT
module provides a higher rated current than the conventional IGBT + FWD module while ensuring the
same high reliability.
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FWD current
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New Products

Junction temperature during overload T vj (°C)

180

Calculation conditions: V CC = 600 V, I o(rms) = 140 A (200% , 3 s),
f o = 50 Hz, f SW = 8 kHz, V GE = ±15 V, Power factor = 0.9,
Modulation factor = 1.0

0.020

Fig.6 T
 emperature change of junction temperature Tvj during
overload
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3.3-kV SiC Hybrid High Power Modules
for Railcars
SEKINO, Yusuke *   MORIYA, Tomohiro *   

In recent years, demand has been increasing for
more powerful and smaller power electronics equipment in various fields, including infrastructure fields
such as railroads, solar power generation, and wind
power generation. Therefore, the power semiconductor
modules installed in power conversion systems need to
have even lower loss and higher power density.
In order to achieve lower loss, Fuji Electric has developed 3.3-kV SiC hybrid high power modules (HPMs)
for railcars that incorporate an insulated gate bipolar
transistors (IGBTs) that use the latest 7th-generation
“X Series” Si-IGBT chips and silicon carbide Schottky
barrier diode (SiC-SBD) chips as free wheeling diodes
(FWDs) (see Table 1).

1. Features
The 3.3-kV SiC hybrid HPMs for railcars combine
X Series Si-IGBT chips and SiC-SBD chips and use the
same package as conventional Si-IGBT HPMs to provide package compatibility (see Table 1). Furthermore,
by using the latest IGBT chip and SiC-SBD chip techTable 1 SiC hybrid HPMs and SiC-SBD HPM for railcars
Package

Equivalent circuit
X Series IGBT

SiC-SBD

Collector

Collector

Emitter

Emitter

Collector
Gate

M155

Emitter

Collector

Collector

Collector

Emitter

Emitter

Emitter

Collector
Gate
Emitter

M156

M278

Cathode

Cathode

Anode

Anode

Table 2 SiC hybrid HPM product line-up
Package
M155
M156
M278

Circuit conDimensions
figuration W × D × H (mm)
1-in-1
Diode
(2-in-1)

Rated
voltage
(V)

140 × 130 × 38
140 × 190 × 38
140 × 130 × 38

Rated
current
(A)
1,200

3,300

1,800
900
(2-in-1)

nologies, we have reduced inverter generated loss by
more than 40% compared with conventional Si-IGBT
HPMs.
1.1 Product line-up

Table 2 shows the product line-up of SiC hybrid HPMs. We have developed two versions of
the 3,300-V /1,200-A and 3,300-V /1,800-A SiC hybrid HPMs with a 1-in-1 circuit configuration and a
3,300-V /900-A SiC-SBD HPM for 3-level circuits.
1.2 Inverter generated loss comparison

We compared the generated loss in the inverter
when using a conventional Si-IGBT HPM with the same
package as the M155 package 3,300-V/1,200-A rated
product. We calculated the operating conditions by referring to the operating conditions of conventional lines
in Japan, using a carrier frequency of 1.0 kHz, current
of 314 A(rms) (powering), current of 508 A(rms) (regenerating), VCC of 1,500 V, and power factor of ±0.9. Figure
1 shows the results of calculating the inverter generated loss under conventional line operating conditions.
Compared to the conventional Si-IGBT HPM, the SiC
hybrid HPM reduced the inverter’s generated loss by
52% under driving conditions and by 39% under regenerative conditions. The introduction of the X Series
IGBT chip to the HPM design reduced the generated
loss Psat during IGBT conduction by 33%, and using
the SiC-SBD, we reduced the generated loss Pon during
turn-on by 65% and the generated loss Prr during reverse recovery by 95%. This enabled us to significantly
reduce the generated loss of the inverter.

*	Electronic Devices Business Group, Fuji Electric Co., Ltd.
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ventional Si-IGBT HPM under the same conditions of
turn-off loss.

Common conditions: T vj = 125°C, V DC = 600 V, f O = 60 Hz, λ = 1.0

Power factor = 0.9, Current = 314 A(rms)

2.2 Reduction of switching loss through use of SiC-SBD

Figure 3 shows a comparison of the switching
waveforms of the SiC hybrid HPM and conventional
Si-IGBT HPM during reverse recovery. SBDs, which
are unipolar devices, have a low peak current during
reverse recovery because there is no minority carrier
injection. As shown in Table 3, the reverse recovery
loss of the new SiC hybrid HPM has been reduced by
98% compared with the conventional Si-IGBT HPM.
Moreover, the peak current during reverse recovery in the FWD also affects the peak current during
turn-on in the IGBT of the opposite arm. Therefore,
switching loss during turn-on can also be reduced. Figure 4 shows a comparison of the switching waveforms
of the SiC hybrid HPM and conventional Si-IGBT
HPM during turn-on. Similar to the switching waveform during reverse recovery, the peak current during
turn-on was reduced and the turn-on loss was reduced
by 51% compared with the conventional Si-IGBT HPM
(see Table 3).
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Fig.1 R
 esults of calculating the inverter generated loss under
conventional line operating conditions

0A
0V

V AK

2.1 Reduction of X Series IGBT turn-off loss and VCE(sat)

(a) SiC hybrid HPM

Figure 2 shows the turn-off loss and collectoremitter voltage VCE(sat) trade-off characteristics of the
3.3-kV X Series IGBT. The thinning of the drift layer
of the chip and the miniaturization of the trench gate
structure are features of X Series IGBTs, which resulted in a VCE(sat) of 1.0 V lower than that of the con-
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Inverter generated loss (W)

2,000

Table 3 Comparison of switching loss
V cc = 1,800 V, I c = 1,200 A, V GE = ±15 V, R G = 1.0 Ω, T vj = 150 °C

New product
SiC-IGBT HPM

Conventional
product
Si-IGBT HPM

Improvement rate*

Turn-on loss
(mJ)

1,425

2,933

51%

Turn-off loss
(mJ)

1,900

1,957

3%

30

1,548

98%

Item
0V

V GE: 20 V/div
V CE: 1,000 A/div
I c: 500 A/div

V GE

V CE
0A
0V

t : 1 μs/div

Ic

Reverse recovery loss (mJ)

Improvement rate (%) = (Conventional product -new product)) / Conventional
*
product

(a) SiC hybrid HPM
V cc = 1,800 V, I c = 1,200 A, V GE = ±15 V, R G = 1.6 Ω, T vj = 150 °C

Turn-on current peak
value reduction
0V

Launch Date

V CE
0A
0V

March 2021

V GE: 20 V/div
V CE: 1,000 A/div
I c: 500 A/div

V GE

Product Inquiries
Sales Department I, Sales Division, Electronic
Devices Business Group, Fuji Electric Co., Ltd.
Tel: +81-3-5435-7152

t : 1 μs/div
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(b) Si-IGBT HPM

Fig.4 Comparison of switching waveforms during turn-on
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Overseas Subsidiaries

* Non-consolidated subsidiaries

Fuji Electric website
https://www.fujielectric.com/

America
Fuji Electric Corp. of America

Sales of electrical machinery and equipment, semiconductor devices, drive control
equipment, and devices

URL https://americas.fujielectric.com/

Reliable Turbine Services LLC

Repair and maintenance of steam turbines, generators, and peripheral equipment

Tel +1-573-468-4045

Fuji SEMEC Inc.

Manufacture and sales of door opening and closing systems

Tel +1-450-641-4811

Asia
Fuji Electric Asia Paciﬁc Pte. Ltd.

Sales of electrical distribution and control equipment, drive control equipment, and
semiconductor devices

URL http://www.sg.fujielectric.com/

Fuji SMBE Pte. Ltd.

Manufacture, sales, and services relating to low-voltage power distribution board
(switchgear, control equipment)

URL http://smbe.fujielectric.com/

Fuji Electric (Thailand) Co., Ltd.

Sales and engineering of electric substation equipment, control panels, and other
electric equipment

URL http://www.th.fujielectric.com/en/

Fuji Electric Manufacturing (Thailand) Co., Ltd.

Manufacture, sales, engineering and service of low-voltage inverters, instrumentation
and sensors, switchgear, gas insulated switchgear, PCS, UPS

Tel +66-2-5292178

Fuji Tusco Co., Ltd.

Manufacture and sales of Power Transformers, Distribution Transformers and Cast
Resin Transformers

URL http://www.ftu.fujielectric.com/

Fuji Electric Vietnam Co.,Ltd. *

Sales of electrical distribution and control equipment and drive control equipment

URL http://www.vn.fujielectric.com/en/

Fuji Furukawa E&C (Vietnam) Co., Ltd. *

Engineering and construction of mechanics and electrical works

Tel +84-4-3755-5067

Fuji CAC Joint Stock Company

Provide the Solution for Electrical and Process Control System

URL http://fujicac.com/

PT. Fuji Electric Indonesia

Sales of inverters, servos, UPS, tools, and other component products

URL http://www.id.fujielectric.com/

P.T. Fuji Metec Semarang

Manufacture and sales of vending machines and their parts

URL http://www.fms.fujielectric.com/

Fuji Electric India Pvt. Ltd.

Sales of drive control equipment and semiconductor devices

URL http://www.fujielectric.co.in

Fuji Electric Consul Neowatt Private Limited

Development, manufacuture, engineering, sales and servicing of UPS, Stabilizers,
Active Harmonic Filters and other component products

URL https://www.india.fujielectric.com/

Fuji Gemco Private Limited

Design, manufacture, sales, and engineering for drive control systems

Tel +91-129-2274831

Fuji Electric Philippines, Inc.
Manufacture of semiconductor devices

Tel +63-2-844-6183

Fuji Electric Sales Philippines Inc.

Sales of energy management systems, process automation systems, factory
automation systems, power supply and facility systems, and power generation

URL https://www.ph.fujielectric.com/

Fuji Electric (Malaysia) Sdn. Bhd.

Manufacture of magnetic disk and aluminum substrate for magnetic disk

URL http://www.fujielectric.com.my/

Fuji Electric Sales Malaysia Sdn. Bhd.

Sales of energy management systems, process automation systems, factory
automation systems, power supply and facility systems, and vending machines

URL https://www.my.fujielectric.com/

Fuji Furukawa E&C (Malaysia) Sdn. Bhd. *

Engineering and construction of mechanics and electrical works

Tel +60-3-4297-5322

Fuji Electric Taiwan Co., Ltd.

Sales of semiconductor devices, electrical distribution and control equipment, and
drive control equipment

URL http://www.fujielectric.com.tw/

Fuji Electric Korea Co., Ltd.

Sales of power distribution and control equipment, drive control equipment,
rotators, high-voltage inverters, electronic control panels, medium- and large-sized
UPS, and measurement equipment

URL http://www.fujielectric.co.kr/

Fuji Electric Co.,Ltd. (Middle East Branch Ofﬁce)

Promotion of electrical products for the electrical utilities and the industrial plants

Tel +973-17 564 569

Fuji Electric Co., Ltd. (Myanmar Branch Ofﬁce)
Providing research, feasibility studies, Liaison services

Tel +95-1-8382714

Representative ofﬁce of Fujielectric Co., Ltd. (Cambodia)
Providing research, feasibility studies, Liaison services

Tel +855-(0)23-964-070

■Equity-method Afﬁliates

Fuji Furukawa E&C (Thailand) Co., Ltd. *

Design and installation contracting for electric facilities construction

Tel +66-2-308-2703

Europe
Fuji Electric Europe GmbH

Sales of electrical/electronic machinery and components

URL https://www.fujielectric-europe.com/

Fuji Electric France S.A.S

Manufacture and sales of measurement and control devices

URL https://www.fujielectric.fr/en

Fuji N2telligence GmbH *

Sales and engineering of fuel cells and peripheral equipment

Tel +49 (0) 3841 758 4500

China
Fuji Electric (China) Co., Ltd.

Sales of locally manufactured or imported products in China, and export of locally
manufactured products

URL http://www.fujielectric.com.cn/

Shanghai Electric Fuji Electric Power Technology
(Wuxi) Co., Ltd.

Research and development for, design and manufacture of , and provision of
consulting and services for electric drive products, equipment for industrial
automation control systems, control facilities for wind power generation and
photovoltaic power generation, uninterruptible power systems, and power electronics products

Tel +86-510-8815-9229

Wuxi Fuji Electric FA Co., Ltd.

Manufacture and sales of low/high-voltage inverters, temperature controllers, gas
analyzers, and UPS

Tel +86-510-8815-2088

Fuji Electric (Changshu) Co., Ltd.

Manufacture and sales of electromagnetic contactors and thermal relays

URL http://www.csfe.com.cn/

Fuji Electric (Zhuhai) Co., Ltd.

Manufacture and sales of industrial electric heating devices

URL http://www.fujielectric.com.cn/fez/

Fuji Electric (Shenzhen) Co., Ltd.

Manufacture and sales of photoconductors, semiconductor devices and currency
handling equipment

URL http://www.szfujielectric.com.cn/

Fuji Electric Dalian Co., Ltd.

Manufacture of low-voltage circuit breakers

Tel +86-411-8762-2000

Fuji Electric Motor (Dalian) Co., Ltd.
Manufacture of industrial motors

Tel +86-411-8763-6555

Dalian Fuji Bingshan Vending Machine Co., Ltd.

Development, manufacture, sales, servicing, overhauling, and installation of
vending machines, and related consulting

Tel +86-411-8754-5798

Dalian Fuji Bingshan Control Systems Co., Ltd.

Energy management systems, distribution systems, and related system engineering

Tel +86-411-8653-6010

Fuji Electric (Hangzhou) Software Co., Ltd.

Development of vending machine-related control software and development of
management software

URL http://www.fujielectric.com.cn/fhs/

Fuji Electric FA (Asia) Co., Ltd.

Sales of electrical distribution and control equipment

Tel +852-2311-8282

Fuji Electric Hong Kong Co., Ltd.

Sales of semiconductor devices and photoconductors

URL http://www.hk.fujielectric.com/en/

Hoei Hong Kong Co., Ltd.

Sales of electrical/electronic components

URL http://www.hoei.com.hk/
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