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Preface to the Special Issue on

“Power Electronics”

Johann W. Kolar

Professor, Swiss Federal Institute of Technology Zurich

Eidgendssische Technische Hochschule Zurich

Raising the efficiency of energy use and increas-
ing the integration of renewable energy in energy
production are today mandatory goals of the energy
policy of leading industrial nations. In the case of
electrical energy, power electronics, i.e. the electronic
control of power flows and the conditioning of electri-
cal voltages and currents by means of high switch-
ing frequency power semiconductors represents a key
technology in this context.
of photovoltaically generated DC energy into AC grids
with simultaneous assurance of solar cell operation at

Examples are the feeding

the maximum power point, and the minimization of
transmission losses on the connection of windparks to
geographically distant load centres by means of high-
voltage DC transmission. On the other hand one should
mention here the possibility of avoiding inefficient
industrial processes by means of a controllable voltage
that is flexible with regard to amplitude and frequency
which, e.g., enables high efficiency, variable speed
drives to be realized with controlled torque.

Because of the abovementioned advantages, power
electronics converters exhibit a considerable variety of
application possibilities and over the past few decades
have been significantly improved by the continuous
development of power semiconductor technology, the
employment of digital signal processing, new converter
topologies and modulation and control schemes in
respect of functionality, cost/performance ratio, physi-
cal size and efficiency. In spite of the high state of the
technology thus attained, there still exists a demand
for a massive further increase in performance, whereby
typically not only one performance index but simulta-
neously several objectives need to be improved, e.g. ef-
ficiency and size or costs and efficiency.

New component technologies such as wide band-
gap, i.e. SiC and GaN power semiconductors offer a
technological basis for the above but because of the
high switching speed, this must be complemented by
new packaging technologies. Integration of the gate

driver and the power switch is obvious here and in
future will also enable programming of the switching
behaviour as well as local monitoring. Further enablers
are new joining technologies in power semiconductor
modules, such as the replacement of soldering by low
temperature silver sinter processes, whereby higher
operating temperatures and/or lower cooling effort
become possible. With regard to passive components
one should mention new ceramic capacitor technologies
with high energy density and current rating, and new
heat management processes such as double-sided cool-
ing and local two-phase cooling. Finally, the technology
and design space will be extended by an even broader
implementation of digital technology: on the one hand
in converter control, and on the other hand for identifi-
cation procedures as basis for optimal on-line controller
parametrization. Furthermore, in the field of power
supplies a transition from hard-switching converters
operated in continuous current mode is to be expected
to converters with discontinuous or triangular-shaped
current curves and soft switching; the higher conduc-
tion losses compared with continuous current flow are
here compensated by the low on-state resistances of
new power semiconductors. In order to limit the EMC
filtering effort, it is then sensible to employ phase-shift-
ed operation of several systems working in parallel,
i.e. interleaving, by means of which a continuous cur-
rent curve again results. The overall more complicated
modulation in this case can be managed through the
continuous further development of digital technology
(Moore’s Law) by means of signal processors or FPGAs.

Furthermore, as always with the further develop-
ment of established technologies, increased integration
of partial functions will take place on all levels. For ex-
ample, on the converter level integration of motor and
inverter is advantageous as it allows an optimal design
of an overall system and an easier application for the
user. Finally, the further development of simulation
tools should be mentioned, which will facilitate a multi-
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domain analysis of power electronics converters, e.g.
the simultaneous examination of electrical and thermal
or magnetic and thermal issues. The challenges here
lie mainly in model generation and parametrization.

The present Special Issue of Fuji Electric Review
offers for the abovementioned points many direct ex-
amples in the form of finished products, e.g. an all-SiC
PV inverter of high power, optimized with respect to
efficiency and costs, a hybrid Si-SiC inverter traction
converter of high efficiency and power density, a vari-
able speed drive for air conditioners with inverter inte-
grated in the motor to reduce size and costs, a new mo-
tor series optimized for efficiency, and uninterruptible
power supplies with new T-type three-level topology.
The significant improvement in performance obtained
with these industrial systems over the state-of-the-art
impressively confirms the highly dynamic technologi-
cal progress in power electronics and a comprehensive
practical mastery of an extremely broad technology
spectrum.

Despite of the very high technological level now at-
tained, the improvement of the performance of power
electronics will continue in future. The next develop-
ment step will presumably focus on cost reduction and
the assurance of high reliability and robustness. New
production technologies such as the encapsulation of
power semiconductors, optical signal paths and heat
removal devices in printed circuit boards and 3D addi-
tive manufacturing technologies will enable new geom-
etries or increased multifunctional uses of construction
elements. The highly integrated and highly compact
systems, however, will then require convergence of sim-
ulation and measurement procedures in order to simu-
late no longer measurable quantities on the basis of
adapted models directly accompanying measurement.

With regard to the fields of application of power
electronics, we can expect an expansion of the pres-
ent areas to direct coupling to medium voltage with
isolated medium frequency converters, e.g. for the

supply of DC distribution systems. At the same time,
in the low power area, with utilizing microelectronics
manufacturing technologies, a new branch of power
electronics will be established that may be termed
micro-power electronics. Finally, with the increasing
spread of power electronics, one will need to consider
during the design process not only minimal manufac-
turing costs but also the support of recyclability in or-
der to enable a resource-conserving circular economy to
be established. Considerations regarding materials use
and costs should then also be addressed in academic
research, as has been the case for several years at the
Power Electronic Systems Laboratory at ETH Zurich.

In conclusion it should be highlighted that in cen-
tral fields of application, a paradigm change is to be
expected from the consideration of a single converter to
the design of entire power supply chains. The demand
for efficient power conversion at any given instant will
be replaced by the demand for the assurance of an ef-
ficient and reliable energy supply with minimal overall
costs over the lifetime of a power supply system. At
the same time, apart from the analysis of the detailed
functioning of converters, the investigation of interac-
tions of converters, e.g. in micro and pico-grids will also
gain significantly in importance. The power electronics
converter will then become a standardized functional
block, similar to integrated circuits in analogue and
digital technology, which several decades ago arose
from discrete circuits. The realization of smart grids
and ultimately smart multi-energy carrier grids, which
apart from electrical energy also integrate other energy
carriers, will hence be supported to a significant extent.
The necessary expansion of technological competence
from the components to the system and in addition to
other disciplines apart from power electronics, howev-
er, presents a massive challenge, but on the other hand
offers fascinating possibilities for creativity, technologi-
cal innovation and ultimately economic success!
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Mega Solar PCS Incorporating All-SiC Module “PVI1000 AJ-3/1000”

KE FSZ OSHIMA, Masafumi I It MAEDA, Tetsuya

FE =8 MURATSU, Hiroki

WA, REEFEEBITH U T, FUEBWREEREANROSNTWS, TOHRLEFD/NT—aY 57« ¥ ad (PCS) 1T,

FAIEREIE U, ML CREI SEELE, b= L IANDRBGEDLETHD, &

U TR A

A Cdh D SiC (AL IF WHFE)-MOSFET (Metal-Oxide-Semiconductor Field-Effect Transistor) <& SiC-SBD (Schottky
Barrier Diode) DB All-SIC €YV a2 — V&R I D LIk, @ehEHEATY—T—H PCS &I L,

In recent years, solar power generation has come to need greater power generation performance. Power conditioning sub-systems
(PCSs) are the core of the generation, and they require high efficiency, reliability to continue to generate electricity, and a reduction of total
cost. Fuji Electric has developed a highly efficient PCS for mega-solar plants by incorporating an All-SiC module consisting of silicon carbide
metal-oxide-semiconductor field-effect transistors (SiIC-MOSFETSs) and SiC Schottky barrier diodes (SiC-SBDs), which are the next-generation

semiconductors.
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Large—Capacity, High—Efficiency 3-Level UPS for North America “7000HX-T3U”

JIIE K7t KAWASAKI, Daisuke JBEH —3F HAMADA, Ippei
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(Insulated Gate Bipolar Transistor) E¥ a1 — VAWM T2 E T, ERIEI7T% UL EOERIRAEK Lz, I, 5t
SARFE & AR ICEEEEAEH U DD, Lk THRO BN D UL B NEC B TS U7z

Due to the development of information and communications systems in the information society in recent years, the data center market
is expanding both in Japan and abroad. At the same time, there are increasing needs for uninterruptible power systems (UPSs) to ensure
stable system operation. “7000HX-T3U,” which has been developed for the North American market, is a large-capacity, high-efficiency UPS
using a 3-level power conversion circuit with a rated voltage of 480 V. By using Fuji Electric’s original AT-NPC 3-level insulated gate bipolar
transistor (IGBT) module, the UPS has achieved a maximum efficiency of as high as 97%. It provides high reliability, as with the conventional
models, and also supports UL and NEC standards which must be complied with in North America.
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3-Phase 200 V Large—Capacity UPS “6000DX Series”

EH EE TAMAI Yasuhiro AK B KMz, Takuya ¥k FI= MATSUNAGA, Kazuki

SRBERY, BT, Wb O T, 200V )OS EEFEEE (UPS : Uninterruptible Power System) D%
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ED UPS =HE G WH I Hhi I D8 4 O#fin 7RIS L TH Y, BHEEOREWY A5 AR TS D, B0 ME
ERHEEAESS M ESEDEEBIT, BMY Y TFNNRIVERNTDET, BEE - HBpteEm bl Tund,

Financial organizations, public offices and hospitals have great demand for an uninterruptible power system (UPS) providing 200V
output. To meet this recent market demand, Fuji Electric has developed a 3-phase 200V large-capacity UPS called “6000DX Series.” This
series has a rated load power factor of 1.0 and supports a high-power-factor load as standard. The series also offers various operation types to
connect several UPS units in parallel, such as parallel redundant system and standby redundant system, thus making it possible to construct

a highly reliable system. This product further raises the quality and reliability of power distribution. By adopting an LCD touch panel, it
improves operability and maintainability.
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General-Purpose Inverters Meeting Global Standards, “FRENIC-HVAC/AQUA Series” and

“FRENIC-Ace Series”
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In recent years, general-purpose inverters have been required to be multi-functional.

> U—X
) —3 >y —

Even in the areas where dedicated controllers or

specialized variable speed drives were conventionally used, in an increasing number of cases customized general-purpose inverters are being
adopted. The demand for product globalization is also increasing. To satisfy these needs, Fuji Electric has developed the “FRENIC-HVAC/
AQUA Series” and “FRENIC-Ace Series” general-purpose inverters that meet global standards. These products are supporting our globaliza-

tion by featuring a customized logic function as standard and introducing multi-language support and region codes.
international standards regarding noise immunity and functional safety.
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690-V Inverters Equipped with SiC Hybrid Module, “FRENIC-VG Stack Series”
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Fuji Electric offers 690-V stack type of the “FRENIC-VG Series” that has the highest-level performance in the industry. The 690-V
inverters have seen high demand from the marine industry, overseas chemical plants, mining and water treatment facilities and their conven-
tional capacities were between 90 and 315kW. Now capacities from 355 to 450 kW have been added to the lineup. Incorporating a SiC hybrid
module with low power dissipation prevents the product from becoming larger due to capacity enlargement, and keeps the product width to

220 mm. Connecting multiple stacks in parallel makes it possible to drive multi-winding motors up to 2,700 kW. Having a direct parallel con-
nection enables large-capacity single-winding motors to be driven up to 1,200 kW.
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Fuji Electric's Top Runner Motor —
Loss—Reduction Technology of “Premium Efficiency Motor”
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Motors are a key component indispensable for social and industrial activities. They consume electric power that accounts for nearly 40%
of the global energy consumption. Consequently, improving motor efficiency is a challenge for the major countries of the world. In Japan,
the Top Runner Program was introduced in April 2015 to regulate motor efficiency. The “Premium Efficiency Motor” that Fuji Electric has

developed satisfies the efficiency regulation value through various loss-reduction technologies including an optimized slot shape and the adop-
tion of magnetic steel that dissipates less power. This is an environmentally friendly product achieving low noise as well as high efficiency.
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FEE B UTSUNO, Makoto

FH B MATSUI, Kohei
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Recently, energy saving by improving motor efficiency and adopting variable speed control systems have come to be accelerated. Fuji
Electric has developed an inverter-integrated motor, which incorporates inverter functions into a motor. In addition to adopting a high ef-
ficient motor, variable speed operation with inverter control achieves significant energy saving effect. Moreover, it achieves downsizing by the
incorporation. The energy-saving effect amounts to a reduction of 45% (1,923 kWh per year) from standard motors with IE1 class efficiency
and 43% (1,742 kWh per year) compared to IE3 “Premium Efficiency Motors.”
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Technologies to Reduce Size and Weight of Power Electronics Equipment for Rolling Stock
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Recently, there have been strong demands for power electronics equipment mounted on devices and units to be installed in rolling
stock to have a smaller size, less weight and also to save energy. Fuji Electric has been meeting these demands by improving its cooling and
equipment mounting technologies. For isolation transformers, which had limitations in terms of their downsizing, we have adopted a high-
frequency isolation circuit technology and direct current power supply system and implemented an optimized design to reduce the ratio
of their installation space to the unit volume, thereby realizing further size and weight reduction. We offer in Japan and overseas power
electronics equipment that uses the latest technologies such as propulsion systems and auxiliary power supplies for rolling stock including the
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Latest Trend and Safety and Reliability Technology of Rolling Stock Doors
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Fuji Electric has developed and commercialized a door operating equipment (linear motor system and FCPM system) with a simplified
mechanism by applying the motion direction of a motor to the linear motion of the side sliding door. The door operating equipment for the
side sliding door of rolling stock is an important component that ensures the safety of passengers when they are boarding, alighting and
traveling, and it may affect trains’ punctuality. Consequently, the system is required to be safe, reliable, high functional, and maintenance sav-
ing. These characteristics have been achieved in a safety evaluation that was conducted at the design stage and that included failure mode
effect analysis and hazard analysis, and they have also been ensured with control technologies such as triple feedback, external force suppres-

sion and push-back control.
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Railway Static Power Conditioner for Shin—Kurobe Substation of Hokuriku Shinkansen

BE gy OSO, Hiroshi £F 4H13% KANEKO, Tomomi §87/A BHZK SUZUKI, Akio

ALBEFT AR ORI - SIRMEIC D D H BEE BN ICEIIMHEREE M A Ulz. REEIL, FIHEOETREICA U D ZHATF
iy ERIELZT AR T EERTO 2 MEFHOEIREIC K> THIE L, SSICHHENDIAET DENEEOERHEER A
WEIT 2D THY, A N—YEEDA VNI EERBEDDK D, /-~ %iE &, IGBT (Insulated Gate
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Fuji Electric has delivered a railway static power conditioner (RPC) to Shin-Kurobe Substation, located between Nagano and Kanazawa
on the Hokuriku Shinkansen Line. This equipment is composed of an inverter and an inverter transformer. While the trains run, it compen-
sates for the unbalanced load in 3 phases and voltage fluctuation by interchanging power between two circuits in the direction of Nagano and
Kanazawa. It also compensates for the harmonic current generated by trains. We developed a high-capacity downsized inverter by engaging
a water-cooling system and equalizing the current sharing of insulated gate bipolar transistors (IGBTs). We adopted a gapless transformer for
the inverter transformer to achieve low-noise level and high reliability.
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Multifunctional On-Shore Power Systems for Harbors and Shipyards
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In recent years, even in the maritime and shipbuilding industries, reduction of environmental impact has come to be required. To meet
that issue, Fuji Electric has developed a multifunctional on-shore power system equipped with both power supply functions for the on-board
power systems and load testing functions for the on-board generator. Since this system is installed outdoors, we examined its placement to
make maintenance easy and give it an effective cooling system and decided to install the main facilities in a container of use outdoors. The
containers can be connected in parallel so that it is easy to enlarge the capacity. The facility’ s characteristic control functions include abilities
to supply power to on-board power systems at the desired voltage/frequency and to conduct a load test for the on-board generators via load
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resistor or power regeneration.
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Standardization Activities for Power Electronics

F=2 5]\ TAKAHASHI, Hiroshi =M EE&k YOSHIOKA, Yasutoshi {EiE LIA 3 SATO, Ikuya

FEIBE BRI, ISO (HEBSEAEILEERE), IEC (HERRERBEHERH, ITU (HBEESEBEES) THEIT DI OO D D,
BLEEE, DRSO —T LU O 0 2R ICR T D EREHE, F5ICIEC THE T IBME DR EFE 17> T
Jz. CISPR EIBEEHEAL, KBmIGFE®E S A7 A EMC RGBSR SE L, WAMERE) > A5 AOR)BIE, & & O 4 HbKE)
AT LOBEBE RSB A LB T DGEE, HARASU —RLUTWS, Fiz, 2014 4E0D [EC WAL TIF, IEC P
JT7O7xy2arIIOadSLADT O ZNIVE Ty hAEJI T ICHEK LTz,

Some international standards are established by the International Organization for Standardization (ISO), International Electrotechnical
Commission (IEC) and International Telecommunication Union (ITU). Fuji Electric has been involved in activities to establish international
standards regarding power electronics for a long time, especially those stipulated by the IEC. Japan is leading activities in areas such as

CISPR international standardization, standardization of EMC products for photovoltaic power systems, efficiency standards of variable speed
drive systems, and conformance of variable speed systems to functional safety standards. In the IEC General Meeting in Tokyo in 2014, we

invited the technical visit of the IEC Young Professionals Programme to the Kawasaki Factory.

0] FAHE

FEIBEHAL 1T 1%, 1SO (EIBAEARfLERMED , TEC (EIBFEA
BEHESER), ITU (HEBESEEEE) THET 2L
b Do 1995 £ IR D WTO/TBT g Ic kU, ERHB
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