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The use of energy-saving technologies and renewable energy has
been progressing in order to prevent global warming. Many countries
have already declared to completely abolish the sale of gasoline-powered
vehicles over the next few decades; and they have been aggressively
adopting electric vehicles (xEV) as a means of reducing CO, among other
rapidly growing initiatives to achieve decarbonization. In response to
the need to improve efficiency and miniaturize power electronics devices
to ensure the efficient and stable use of electrical energy, power semi-
conductors have been receiving much attention as the key devices ca-
pable of contributing greatly to this goal. At Fuji Electric, we have been
developing and commercializing power semiconductors for a variety of
different fields. In this special issue we'll be introducing the latest Fuji
Electric power semiconductor technologies and products.
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Preface

Power Devices and Peripheral

Technologies

FUNAKI, Tsuyoshi*

It is believed that the evolution of power devices is
driven by the requirement of improving power electron-
ics performance. The material and process for Si semi-
conductor material has been matured, and power devices
employing Si are approaching performance limitation
of material. Accordingly, wide bandgap semiconductors
SiC (silicon carbide) and GaN (gallium nitride) are be-
lieved to invoke game change in power device develop-
ment. News report simply addresses that the replace-
ment of Si device to wide band gap semiconductor device,
e.g. SiC device, achieves loss reduction. However, the
replacement of device structure from bipolar to unipolar
realizes loss reduction. Though, conventional Si semi-
conductor material employs a bipolar structure to real-
ize both high breakdown voltage and low conduction loss
at high voltages, but SiC semiconductor material can
employ unipolar structure. Unipolar devices, such as
metal-oxide-semiconductor field-effect transistor (MOS-
FET), have no loss due to knee voltage of PN junction.
Moreover, unipolar devices do not employ conductivity
modulation, then fast switching operation is achieved,
and there is almost no loss resulting from reverse recov-
ery or tail current. The wide bandgap is beneficial in
maintaining breakdown voltage at high temperatures.

A large distance between conductors is required to
secure insulation for high voltage circuit. This increases
parasitic inductance in wiring. Fast switching opera-
tions increase the time rate of change in circuit current
and increase surge voltage with interacting parasitic in-
ductance. In this way, there is a trade-off between em-
ploying higher circuit voltage and adopting high-speed
switching. Modularization of multiple power devices and
circuit components is necessary to improve this trade-off.

Passive components such as inductors, transformers,
and capacitors dominate large volumes and weights in
power electronics systems, and high-frequency switch-
ing operation is required to miniaturize them. The fast
switching capability of MOSFET enables high-frequency
switching operations. But, it must be careful about high-
frequency switching operation of MOSFET with hard
switching. It is believed that the faster the switching
speed is, the lower the switching loss is. However, dur-
ing MOSFET is turning-on, the stored electric charge

* Ph.D (Engineering), Professor, Graduate School of
Engineering, Osaka University
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in the depletion layer is shorted via a channel, result-
ing in switching loss. This loss is constant, regardless
of switching speed. Therefore, the loss increases in pro-
portion to switching frequency in hard switching opera-
tion, which makes it difficult to increase the switching
frequency. It is therefore necessary to apply soft switch-
ing with zero voltage turn-on to increase switching fre-
quency. It is necessary to detect zero cross timing of
voltage and current to ensure reliable soft switching, and
sensing devices must also be integrated into power mod-
ules.

The miniaturization of power modules to reduce par-
asitic inductance also leads to an increase in heat gener-
ation density due to loss at power devices, and it is there-
fore necessary to improve heat dissipation and thermal
resistance. Power device die*! are attached to a module
substrate for current output and heat dissipation. Die
attachment*? with solder offers high thermal resistance,
however, mitigates the stress generated as a result of the
difference in thermal expansion coefficient with the cop-
per plate on the module substrate, and by temperature
changes. The process temperature of sintered metal die
attach, such as silver, is lower than the melting point,
and it results in low thermal resistance. However, thin
bonding layers to ensure low thermal resistance is diffi-
cult to mitigate thermal stress. There are many difficul-
ties in sintering die attach process to be overcome such
as requiring pressurization in the bonding process in
order to ensure sufficient bonding strength and reliabil-
ity. Moreover, the miniaturization of high-voltage power
modules results in high electric field inside module. Con-
sequently, in addition to power devices, insulating sub-
strate materials and sealing material must also have
high critical electric field. Insulating materials are re-
quired to have not only high dielectric breakdown capa-
bility, but also electrical characteristics such as no space
charge accumulation and maintain volume resistivity
at high temperatures, as well as free from partial dis-
charge due to void formation. We must therefore simul-
taneously satisfy mechanical and chemical properties
such as degassing in the sealing process and substrate
material adhesion. Furthermore, the miniaturization

*1: Die: semiconductor chip
*2: Die attachment: bonding semiconductor chips to a sub-
strate
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of power modules reduces the thermal conduction area.
Consequently, further improvements in cooling perfor-
mance using methods such as double side cooling or di-
rect water cooling are also required at the same time.

As discussed above, we must simultaneously develop
and apply a variety of peripheral technologies to effec-
tively utilize the performance of evolving power devices.

Power Devices and Peripheral Technologies

In other words, we need to integrate technologies and
knowledges across different fields such as power devices,
metallurgy and dielectric materials, as well as thermo-
dynamics and mechanical engineering. To achieve this,
we need to see development from the perspective of these
issues involving the cooperation of industry, government,
and university.
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Power Semiconductors: Current Status
and Future Outlook

FUJIHIRA, Tatsuhiko® MIYASAKA, Tadashi® IKAWA, Osamu®
1. Introduction
i
Energy consumption has been steadily increas- A Aomotie | Lmodule

ing as populations and economies grow worldwide.
In addition to measures for conserving energy, the
use of renewable energies, such as photovoltaic
power and wind power, has been expanding in an
attempt to suppress CO2 emissions and prevent
global warming. Many countries have already de-
clared their desire to completely ban the sale of
gasoline powered vehicles in a few decades and
been employing electric vehicles (xEV) as a means
of reducing CO2 and rapidly growing initiatives to
achieve decarbonization.

Fuji Electric has been working on innovating
energy technology for a long time. We have been
contributing to the realization of a responsible and
sustainable society by developing and commercial-
izing power semiconductors as key devices in the
power electronics products used in achieving energy
stability and optimization.

2. Power Semiconductors and Application
Examples

Figure 1 shows some application examples of
Fuyji Electric’s power semiconductor products. Fuji
Electric is developing power semiconductors to meet
various needs. We offer power discrete devices*!

* Electronic Devices Business Group, Fuji Electric Co.,
Ltd.
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Fig.1 Examples of Fuji Electric power semiconductor
product applications

and small intelligent power modules (IPM)*? for
small capacity markets and power modules*? for
medium and large capacity markets, and they have
industrial and automotive applications respectively.
We are also developing products that use silicon (Si)
and silicon carbide (SiC)** as materials for power
semiconductor devices.

It is important to adopt designs that ensure
long-term reliability for power semiconductors. This
includes not only semiconductor chip design, but
also package electrical design, heat dissipation de-
sign, insulation design, and the design guarantees
initial characteristics over a certain period of time.
Fuji Electric has repeatedly innovated technologies

*1: Power discrete device +2: IPM

power semiconductors, corresponding to

This power semiconductor device con-
sists of a single IGBT or MOSFET power
semiconductor device, or a circuit referred
to as a 1-in-1 in which the device is supple-
mented with a diode inserted in an inverse
parallel manner. The shape is generally de-
termined by the pin layout and it adopts a
package such as TO-220 or TO-3P. It is used
in small capacity PC power supplies, unin-
terruptible power systems, LCD displays
and small motor control circuits.
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Abbreviation for intelligent power
module. This is a power module that incor-
porates a power semiconductor device, drive
circuit and protection circuit. Circuit design
can be facilitated and the performance of the
power semiconductor device can be maxi-

mized by using a dedicated drive circuit.

*3: Power module
This is a package in an easy-to-use
form that is created by routing multiple

diode and transistor based applications, to
construct an electrical circuit. It is referred
to as a 1-in-1, 2-in-1, 6-in-1 or likewise, de-
pending on the number of devices in the
module (usually an IGBT + inverse parallel
connected FWD). A module mounted with
a drive circuit for controlling the power
semiconductor device is called an intelligent
power module (IPM).



as it develops power semiconductors that meet the
requirements of high functionality, large capacity,
and eco-friendliness.

In this chapter, we will provide an overview of
the power semiconductor products developed by Fuji
Electric.

2.1 Power module products (Si)

In the field of power module products, small
IPMs are used in household appliances, such as air
conditioners, and in the small capacity applications
of inverters and servos. The demand for energy sav-
ings is also increasing in the applications that small
IPMs are targeted at. For example, air condition-
ers are required to exhibit low noise characteristics
in Europe and other countries in order to meet the
standards related to energy consumption efficiency
and comply with EMC standards for preventing ra-
dio wave interference. To meet these energy-saving
demands, Fuji Electric has commercialized a 2nd-
generation small IPMs®®., In addition, we have
developed a line-up of 650-V/50-A, 75-A products
based on this 2nd-generation small IPMs that is ca-
pable of being used in applications typified by large
air conditioners and industrial-use inverters.

For medium capacity industrial applications
such as inverters, robots and uninterruptible power
systems (UPS), we have developed the “X Series” as
a line-up of the latest modules and IPMs that uses
7Tth-generation chip technology and packaging tech-
nology®®,

In the medium capacity, we have also commer-
cialized modules and IPMs for xEV, such as hybrid
electric vehicles and electric vehicles®. IGBT*®
modules are key components in the inverters used
to control xEV motors. In addition to reducing loss

to achieve efficient use of battery power, it is also
important to achieve miniaturization, weight sav-
ings and capacity gains since mounting space is lim-
ited in engine rooms. To meet these requirements,
we have developed 3rd generation high-power direct
liquid cooling modules™® for automotive applica-
tions that are equipped with RC-IGBTs*$. In addi-
tion to this 3rd-generation direct liquid cooling tech-
nology, we have developed large-capacity automo-
tive modules that make use of lead frame technology
instead of conventional wiring for the main circuit
wiring in order to achieve further miniaturization
and high reliability®®@9, In addition, in the field
of temperature sensing for overheating protection,
we have made use of on-chip temperature sensors
instead of conventional negative temperature co-
efficient (NTC) thermistors in the development of
on-chip sensors-integrated IGBT modules for xEV
motor drives that seek to achieve miniaturization,
weight savings and enhanced current capacity.

We have developed X-Series high-capacity mod-
ules to meet the demands of further miniaturization
and increased efficiency in power conversion equip-
ment*?., Moreover, we have been developing hybrid
modules suitable for electric railways that secure a
higher degree of efficiency and reliability by employ-
ing new packages that utilize low-loss SiC-SBDs*?
instead of an FWDg*813,

In order to use IGBT in applications charac-
terized by frequent and repeated acceleration and
deceleration, such as xEV, it is necessary to adopt
a design that sufficiently takes into consideration
power loss and temperature rise in the complex op-
eration patterns related to the lifetime and reliabil-
ity of the equipment.

Fuji Electric has released an IGBT simulator

+4: SiC

SiC is a compound of silicon (Si) and
carbon (C). It is characterized by a multi-
crystal polymorph such as 3C, 4H and 6H.
It is referred to as a wide-gap semiconductor
with a band gap of 2.2 to 3.3eV depending
on the structure. Since it has physical prop-
erties advantageous to power devices, such
as high dielectric breakdown voltage and
high thermal conductivity, it is contributing
to the development of devices characterized
by high withstand voltage, low loss and high
temperature operation.

*5: IGBT

Abbreviation for insulated gate bipolar
transistor. The gate has the same structure
as MOSFET. It is a voltage control device
that has a gate insulated with an oxide insu-
lating film. It makes use of the strong points
of MOSFET and bipolar transistors. It can
make use of conductivity modulation be-
cause of its bipolar operation. As a result, it

is able to achieve the high switching speed,
high withstand voltage and low on-state re-
sistance required by inverter applications.

*6: RC-IGBT

Abbreviation for reverse-conducting
IGBT. This device integrates an IGBT and
FWD, which are used together as a pair, on
a single chip in the module. It exhibits ex-
cellent heat dissipation characteristics since
the IGBT and FWD operate in alternation,
and it facilitates IGBT module miniaturiza-
tion and improved power density since it can
reduce the number of chips in the module.

*7: SBD

Abbreviation for Schottky barrier di-
ode. This is a diode characterized by a rec-
tifying action that makes use of a Schottky
barrier formed through metal and semicon-
ductor bonding. Its excellent electrical char-
acteristics have made it an object of study
in the application to SiC-SBD based FWD.

Power Semiconductors: Current Status and Future Outlook

Compared with P-intrinsic-N (PiN) diodes
that also use of a small number of carriers,
SBD diodes, which operate only with a large
number of carriers, speed up reverse recov-
ery and reduce reverse recovery loss.

*8: FWD

Abbreviation for free wheeling diode.
It is also referred to as a circulation diode.
This device is connected in parallel with
the IGBT in power conversion circuits of
inverters, and is responsible for recirculat-
ing the energy stored in inductance to the
power supply side when the IGBT is turned
off. PiN diodes are mainstream for Si based
FWD. Since it is a bipolar type that also
uses a small number of carriers, the voltage
drop during forward current flow can be re-
duced. However, this will also result in a
larger reverse recovery loss.
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that is available free of charge on our website to
calculate power loss and temperature in IGBT mod-
ules™. It has been updated to enable character-
istics such as the temperature dependence of loss,
which is a characteristic more closely reflects actual
situations.

2.2 Power module products (SiC)

SiC is expected to proliferate as a next-
generation power semiconductor material. Since
SiC has about 3 times the band gap and thermal
conductivity of Si, it has very few thermally excited
carrier and thus can diffuse generated heat more
easily, thereby contributing to high-temperature op-
eration. Moreover, it also has the benefit of reduc-
ing loss.

In order to reduce the switching loss of power
semiconductors, it is effective to replace IGBT with
MOSFET*°. However, increase in the conduction
loss of a Si-MOSFET is the problem we have to
work on. SiC has a dielectric breakdown electric
field strength approximately 10 times that of Si,
and thereby exhibits that a high withstand volt-
age can be secured even in devices that are thinner.
Furthermore, it also has the benefit of reducing con-
duction loss because heavy doping can be done at
the drift layer. Therefore, by utilizing SiC-MOSFET
for the switching element, it is possible to reduce
loss in power conversion equipment to a greater
extent than can be done using Si-IGBT. By taking
advantage of the superiorities of high operation tem-
perature, low loss, and high withstand voltage ex-
hibited in these types of SiC devices, it is possible to
achieve miniaturized, high power density modules.

Fuji Electric is developing small and medium
capacity products to which a low-inductance high-
output packaging technology is applied to derive
these superiorities from SiC devices. Furthermore,
we are also developing large capacity products such
as power distribution equipment.

We are confident that our modules with SiC
trench gate MOSFETs have world-class low-loss
characteristics®™ @9 In order to achieve further
improvement, we have developed an application
technology for halo structure vertical SiC trench
gate MOSFET that suppresses the short channel ef-
fect®. This development was conducted as part of
a project of the joint research body Tsukuba Power
Electronics Constellation (TPEC).

As mentioned in Section 2.1, we have developed

products that utilize 7th-generation chip technology
and packaging technology using Si that can be ap-
plicable to medium capacity industrial fields such
as inverters, robots and UPS. Demand is increas-
ing for power conversion equipment with further
miniaturization and efficiency using high carrier
frequency regions for power conversion. To meet
this demand, Fuji Electric has developed high-speed
hybrid modules that combine high-speed IGBTs and
SiC-SBDs capable of lowering loss in high carrier re-
gions of 20 kHz or higher.

2.3 Power discrete, power ICs, pressure sensors

In recent years, the use of the Internet of Things
(IoT), big data and artificial intelligence (AI) has
been increasing the amount of data used worldwide.
As a result, UPSs for servers and data centers have
been becoming more efficient. In addition, there has
been increasing demand for high-efficiency power
conditioning systems (PCSs) that convert DC to
AC to use renewable energies such as photovoltaic
power generation. Fuji Electric has been develop-
ing discrete IGBTs that achieve high efficiency for
UPS and PCS. We have also recently developed the
“XS Series” as a line-up that improves the V(Eat)
responsible for steady-state loss as well as switching
loss compared with previous “High-Speed W Series”
products®®,

Against the backdrop of fuel efficiency and ex-
haust gas regulations, the number of pressure sen-
sors for automotive applications has been increas-
ing. In intake systems, pressure sensors are used
to highly control the air and fuel mixture ratio in
order to improve fuel efficiency. In exhaust sys-
tems, pressure sensors are used to highly control
the amount of gas recirculated after combustion in
order to clean the exhaust gas. Pressure sensors are
also used to detect fuel leaking from a tank. Fuji
Electric has developed pressure sensors for these
types of applications for low pressure®?%, The de-
mand has also been greatly increasing for high-pres-
sure sensors for brakes, transmissions and hydrau-
lic control of engine oil. Fuji Electric improved its
5th-generation automotive high-pressure sensors for
conventional engine oil pressure applications and
has developed 6.5th-generation automotive pressure
sensors that ensure accuracy under the high tem-
perature environments accompanying engine down-
sizing.

Switching power supplies of 75 W or more used

*9: MOSFET

Abbreviation for metal-oxide-
semiconductor field-effect transistor . This
voltage control device is a type of field-effect
transistor that has a gate insulated with an
oxide insulating film. It is the most common

structure in LSI. Its unipolar operation en-
ables operation at high speeds, but it is used
as a low withstand voltage, high frequency
device since on-state resistance rises accord-
ing to withstand voltage. In contrast to pla-
nar gate MOSFET where the gate is located

on the surface of the device and the chan-
nel is parallel to the surface of the device,
trench gate MOSFET are characterized by
the gate being embedded in a groove formed
on the device and the channel perpendicular
to the surface of the device.

FUJI ELECTRIC REVIEW vol.64 no.4 2018



in electronic devices must be equipped with a power
factor correction (PFC) circuit that suppresses har-
monic current in accordance with the international
standard IEC 61000-3-2. In order to achieve energy
savings, PFC circuits are continuously required
to reduce standby power and improve efficiency
at light loads. To meet these requirements, Fuji
Electric has developed 4th-generation critical mode
PFC control ICs®" that exhibit less standby power
and higher efficiency at light loads than previous
3rd-generation critical mode PFC control ICs.

3. Power Semiconductor Development Status

In this chapter, we will provide an overview of
the development status of Fuji Electric power semi-
conductors. For details, please refer to the subse-
quent papers in this journal.

3.1 2nd-generation small IPM 650 V/50 A, 75 A series

Fuji Electric has been developing small TPM
products that integrate the power devices and con-
trol ICs necessary for inverter circuit configurations
that require energy savings and low noise charac-
teristics. In 2015, we launched the 2nd-generation
small IPM (2G-IPM) series rated at 600 V/10 to
30 A, which uses X-Series IGBT chip technology.
This series achieves lower loss than conventional
products, expands maximum operating tempera-
ture Tyjop from 125°C to 150°C and enhances over-
current detection and overheating protection func-
tions®. In addition, we have added to this a line-up
of 650-V/50-A, 75-A products which are mainly
applicable to large air conditioners and industrial-
use inverters (see Fig. 2). In order to ensure the
same level as conventional products had, the prod-
ucts were designed to suppress the heat generation
that accompanies allowable current expansion and
reduction in the internal stress that accompanies
package size enlargement (refer to “Line-Up of 2nd-
Generation Small IPM with 650V / 50 A, 75 A” on
page 181).

3.2 On-chip sensor-integrated IGBT module for xEV

motor drive applications

Fuji Electric has developed products that make
use of technologies of RC-IGBT chips and cooler
integrated structures that meet the needs of low
loss, miniaturization, weight-savings and large ca-
pacity for automotive modules® (%, We have also
developed on-chip sensor integrated IGBT modules
to meet the demand for further miniaturization.
Conventionally, NTC thermistors were arranged
near the chip as temperature sensors for overheat-
ing protection. However, an on-chip sensor inte-
grated IGBT module, incorporating a temperature
sensor diode on the power semiconductor chip, can
monitors chip temperature accurately. Compared
with NTC thermistors, it is possible to increase al-
lowable current by 13% reducing the safety margin
of various characteristics that affect the thermal de-
sign features such as device characteristic variation
and package thermal resistance variation. A com-
parison of the allowable current of an automotive
IGBT module equipped with an on-chip temperature
sensor and an NTC thermistor at a switching fre-
quency of 8 kHz is shown in Fig. 3. The figure shows
that modules equipped with an on-chip tempera-
ture sensor can be miniaturized more than modules
equipped with a conventional NTC thermistor, pro-
vided that the allowable current is the same (re-
fer to “On-Chip Sensor Built-In IGBT Modules for
Driving xEV Motors” on page 186).

3.3 Simulator based IGBT module generated loss,

temperature and lifetime estimation

Fuji Electric has released software that is avail-
able free of charge on its website to simulate gener-
ated loss and semiconductor chip temperature when
incorporating a Fuji Electric IGBT product into a
power electronics system such as an inverter. We
have recently released Ver. 6, which comes with
newly added functionality. Ver. 6 supports 3-level
circuits and commonly used PWM** methods. In

800
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300 |
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Fig.2 Small IPM (650 V/50 A, 75 A)
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Fig.3 Automotive IGBT on-chip temperature sensor and
NTC thermistor allowable current
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Fig.4 IGBT Simulator Ver. 6 operation screen example
(calculation of steady-state loss)

previous version's loss calculations were performed
assuming a uniform junction temperature 7v; of
125°C. However, in Ver. 6, we incorporated a cal-
culation function that takes into account 7%; depen-
dency, thereby making simulations more realistic.
Compared with commercially available circuit simu-
lators, it is more user friendly and makes it easy to
obtain results with the same level of accuracy as the
commercially available circuit simulators show. It
also newly supports applications such as automo-
tive modules, which are characterized by complex
output and 7vj fluctuations. Figure 4 shows the
operation screen of IGBT Simulator Ver. 6 (refer
to “Estimation of Power Losses, Temperatures and
Power Cycle Lifetime for IGBT Modules by Using
IGBT Simulator” on page 199).

3.4 Trench gate MOSFET equipped 3.3-kV All-SiC mod-

ule for distribution equipment

Since September 2014, Fuji Electric has been
participating in the “Demonstration Project for
Constructing a  Next-Generation  Distributed
Energy Electric Power Network” launched by New
Energy and Industrial Technology Development
Organization (NEDO). In this project, we have been
developing next-generation voltage regulators (dis-
tribution equipment) and applicable control systems
that use SiC power semiconductors in order to sup-
port the expanded use of renewable energies such
as photovoltaic power generation, and maintain
and improve our international competitiveness in
the electric power equipment and systems indus-
try. So far we have successfully developed 3.3-kV
All-SiC 200-A 1-in-1 module for next-generation
distribution equipment®. In order to further re-
duce the size and weight of distribution equipment,
we have developed modules that expanded rated

(Unit: mm)

(a) 3.3-kV 400-A
All-SiC module
(2in1)

(b) 3.3-kV 200-A
All-SiC module
(1in1)

Fig.5 3.3-kV All-SiC module

capacity to 400 A (see Fig. 5). The use of the SiC
trench gate MOSFET significantly reduced gener-
ated loss when compared with conventional SiC
planar-gate MOSFET. The footprint size has been
reduced by 45% compared with previous 200-A
1-in-1 modules that have an equivalent circuit con-
figuration (4 units required) (refer to “3.3-kV All-SiC
Module with Trench-Gate MOSFETs for Electric
Distribution Equipment” on page 190).

3.5 High-speed hybrid modules combining high-speed

IGBTs and SiC-SBDs

Fuji Electric has developed high-speed hybrid
modules that reduce loss in high frequency regions
that are characterized by a switching frequency
of 20 kHz or higher, as required by power conver-
sion equipment in the renewable energy field. The
products contain combinations of high-speed IGBTs
suitable for high-speed switching and low loss SiC-
SBDs. The products are compatible with conven-
tional Si modules with 2-in-1 circuit configurations
having the same package as that of the conventional
Si modules. Figure 6 shows the inverter generated
loss simulation results for a distributed small capac-
ity PCS equipped with a high-speed 1,200-V/200-A
hybrid module that utilizes an M276 package.
Compared with X Series Si modules, total gener-
ated loss can be reduced by approximately 50%.
Moreover, the rate of reduction increases at high
switching frequencies. It can contribute to high
efficiency operation and miniaturization through
the high-frequency operation of the inverter (refer
to “High Speed Hybrid Modules Combining High
Speed IGBTs with SiC-SBDs” on page 176).

3.6 SiC-MOSFETSs achieving high threshold voltage
and low on-state resistance with halo structure
Fuji Electric has been contributing to energy

savings of power electronics equipment by develop-

+*10: PWM
Abbreviation for pulse width modula-
tion. It is a power control method that uses

Given a DC input, it
changes output by varying the on-state time
width while repeatedly powering on and off

switching elements.

at a constant frequency. It is generally used
when converting DC to AC with an inverter.
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Fig.6 Simulation based comparison of inverter generated
loss

ing and commercializing SiC-MOSFET equipped
compact and lightweight PCS®® and mega solar
PCS®. Power semiconductor modules play an im-
portant role in these products. In order to reduce
loss, we have been developing modules that utilize
trench-gate MOSFETSs in place of conventional pla-
nar gate MOSFETs". As a measure to further re-
duce loss, we have recently developed a technology
to apply the halo structure used with Si horizontal
MOSFET to vertical trench MOSFET. It reduces
the on-state resistance that contributes to low loss
while maintaining a high threshold voltage. Figure
7 shows the relationship between on-state resis-
tance and threshold voltage. Channel shortening
is an effective way to reduce on-state resistance.
However, in conventional structures, threshold volt-
age drops significantly due to the shortened chan-
nel, thereby making it susceptible to malfunction
(short channel effect). In order to avoid the short
channel effect, we applied a halo structure and veri-
fied that on-state resistance could be reduced at a

high threshold voltage (refer to “SiC-MOSFET with

Withstand voltage 1,200V or higher, V=20V

& 3.2
£ Len=0.85um
a 3.0F Without halo/,—‘;"\
] 95l structure .-~ X/
< On-state resistance reduction X X, -’
'g 2.6 | via channel shortening /. x

X
S 24f La=04um N\ ’
S Without halo > _______
& 2.2 structure LT O\‘) Lep=04pm
o RN f'/OO 656 ,» With halo
2 2.0F i Elﬁ 3 (o) —__,/’ structure
s 18} -/ T Trade-off
3:% 1.6 } Threshold voltage increase via improvement
& short channel effect suppression
O 1‘4 L L L L

1 2 3 4 5 6
Threshold voltage Vi, (V)

High Threshold Voltage and Low On-Resistance
Using Halo Structure” on page 195).

3.7 “XS Series” 650-V discrete IGBT

Fuji Electric has developed the “XS Series”
650-V discrete IGBT. This product can be widely
used for the power circuits of industrial equipment
and the PFC circuits of switching power supplies
for UPSs and PCSs, demand for which has been
increasing accompanying social trends including in-
creased data usage worldwide and the development
of renewable energies. Compared with the conven-
tional “High-Speed W Series®®”, these modules im-
prove the trade-off between on-voltage and switch-
ing loss and meet the demand for low loss. Figure 8
shows the results of measuring efficiency when us-
ing the XS Series with a UPS composed of a 3-level
inverter I-type circuit as an application example.
The UPS output capacity was 3 kW, and IGBT
switching frequency was 4 kHz. Compared with the
High-Speed W Series, the XS Series improves effi-
ciency by up to 0.12 points in all load regions (refer
to “XS Series 650-V Discrete IGBTs” on page 211).

3.8 6.5th-generation automotive high-pressure sen-

sors

High pressure sensors used for measuring en-
gine oil pressure are required to ensure accuracy at
high temperatures due to the higher density mount-
ing accompanying engine downsizing implemented
to improve fuel efficiency in automobiles. By op-
timizing the diaphragm diameter, thickness and
position of the gauge resistor, Fuji Electric has suc-
cessfully developed a 6.5th-generation automotive
high-pressure sensor that improves output charac-
teristic linearity and circuit temperature character-
istics, while ensuring accuracy at high temperatures
(see Fig. 9). As a result, the accuracy guaranteed
temperature is increased to 150°C, while that of
the previous 5th-generation products is 125°C (re-
fer to “6.5th-Generation Automotive High Pressure
Sensors” on page 215).

95

UPS (3kW)

94 | 3-level I-Type
e Input: 200V AC
& 93| Output: 230V AC
&
.g 92}
&
= 91 —o— FGW50XS65C
0 “XS Series”
S —o— FGW50N65WE

sl “High-Speed W Series”

(Conventional product)
88 . . .
0 1,000 2,000 3,000 4,000
Output (W)

Fig.7 Effect of applying halo structure in trench gate SiC-
MOSFET
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Fig.8 UPS efficiency when applying an “XS Series” 650 V
discrete IGBT
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Fig.9 Output error temperature characteristics in 6.5th-
generation automotive high-pressure sensors

3.9 “FA1B00 Series” 4th-Generation critical conduc-
tion mode, power factor correction control ICs
Switching power supplies are widely used with

electronic equipment since they can achieve greater

miniaturization, a lighter weight and higher ef-
ficiency than conventional linear power supplies.

The harmonic current of switching power supplies

leads to operation failure and power factor degra-

dation in equipment and distribution facilities, as
well as an increase in apparent power. Therefore,
power source harmonic current is regulated by the
international standard IEC 61000-3-2. Active fil-
ter type PFC circuits are widely used to eliminate
harmonic current induced power factor problems.

Fuji Electric has commercialized ICs that control

PFC circuits, thereby contributing to reducing the

cost and improving the energy savings of switch-

ing power supplies. Fuji Electric has developed the

“FA1B00 Series” 4th-generation critical mode PFC

control IC, which enables highly efficient power con-

trol during light loads and standby. This product is
the successor to the “FA1A00 Series” 3rd-generation
critical mode PFC control IC. The PFC control IC
can comply with power source harmonic current reg-
ulations and miniaturize the output capacitor of the

PFC circuit. In addition, it makes use of a newly

conceived control method that suppresses output

voltage ripple and reduce power source harmonic
current. The new method can suppress output volt-
age ripple to 70% of that of conventional methods

over the entire input voltage range (see Fig. 10).

Basic characteristics such as efficiency and power

factor are the same as conventional methods, but in

addition, it satisfies power source harmonic current
characteristics. It also reduces output voltage rip-
ple with the new control method and miniaturizes
smoothing capacitors, which have large footprints
in the PFC circuit (refer to “FA1B00 Series 4th-
Generation Critical Conduction Mode, Power Factor
Correction Control ICs” on page 205).

120
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2 100} /\/\—’/\/——
=
£
£
&
g 80 |-
s ~— — Newmethn
5
& 60f
=3
o

40 L L L L

80 120 160 200 240 280

Input voltage (V)

Fig.10 Output voltage ripple comparison (smoothing
capacitor: 15 pF)

4. Postscript

Fuji Electric has continuously pursued innova-
tion of energy technologies on the basis of its man-
agement policy of “contributing to the realization of
a responsible and sustainable society through inno-
vation of electric and thermal energy technologies.”
Power electronics are a driving force behind meeting
the increasing demand for energy savings, decarbon-
ization and environmental conservation. Through
our technological innovation in power semiconduc-
tors, key devices in this field, we are contributing to
the achievement of a sustainable society.
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High Speed Hybrid Modules Combining High Speed
IGBTs with SiC-SBDs

USUI, Ryosuke™

KATO, Yoshiharu®

TAKAHASHI, Seiichi”

ABSTRACT

In recent years, there have been an increasing number of power converter applications that require power con-
version in the high frequency region to achieve further compactness, weight savings and high efficiency for their
power converters. Switching devices are thus greatly demanded for high speed and low loss. Fuji Electric has
developed a high speed hybrid module combining IGBTs with SiC-SBDs, both of which operate with low loss and
high speed in the high frequency region, significantly reducing switching loss. As a result, power dissipation during
high-frequency inverter operation can be reduced by approximately 50% compared with existing products, thereby
increasing expectations that it can be utilized with applications that require compactness, weight savings and high ef-

ficiency.

1. Introduction

In recent years, there has been increasing demand
to reduce emissions of the greenhouse gas CO2 as a
measure to suppress global warming. Against this
background, renewable energies, such as photovoltaic
power generation and wind power generation, not only
require proliferation, but also need to be efficiently
converted to power at sites that face various limita-
tions. Moreover, in order to realize further miniatur-
ization and better efficiency in power conversion equip-
ment typified by inverters, an increasing number of
applications are performing power conversion at high
frequencies of 20 kHz or higher.

Therefore, Fuji Electric has developed high-speed
hybrid modules that incorporate low-loss high-speed
insulated gate bipolar transistors (IGBT) that can op-
erate in a high switching frequency region of 20 kHz
or higher and silicon carbide Schottky barrier diodes
(SiC-SBD) into a conventional package.

In this paper, the product’s features, application
effects and benefits to power conversion equipment are

described.
2. Overview of the High-Speed Hybrid Modules

Figure 1 shows applications targeting power device
switching frequency and power capacity. Some of the
main applications of high-speed hybrid modules in-
clude power conversion equipment, such as those used
for renewable energies, automotive applications and
uninterruptible power systems (UPS), which need to
convert power at high frequencies.

Table 1 shows the external appearance of the high-
speed hybrid modules, and Table 2, product line-up.

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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Fig.1 Main applications of high-speed hybrid modules

Table 1 High-speed hybrid module

Package Equivalent circuit

() High-speed
IGBT
() SiC-SBD

Standard 2-in-1 M276

() High-speed
IGBT
() SiC-SBD

Dual XT M254

The high-speed hybrid modules make use of the same
package as conventional Si modules in order to main-




Table 2 High-speed hybrid module product line-up

Circuit Dimensions Rated | Rated

Package configu- WxDx H voltage | current
ration * D xH (mm) V) »)
X . 200
Standard 2in1| 2in1 |62.0x 108.0x30.9 | 1,200 300

Dual XT 2inl |62.0x150.0x20.5| 1,200 300

tain compatibility and consist of a 2-in-1 circuit con-
figuration that combines high-speed IGBTs and SiC-
SBDs. The IGBT utilizes a chip optimized for high-
speed switching on the basis of the conventional IGBTs
while using a SiC-SBD chip as the free wheeling diode
(FWD).

3. Features of the High-Speed Hybrid Modules

It is important to improve the generated loss of
IGBT modules in order to achieve miniaturization and
better efficiency for devices that perform high-speed
switching. The generated loss depends largely on the
characteristics of IGBT and FWD semiconductor chips.
In this chapter, the characteristics of the high-speed
IGBT and SiC-SBD chip used for high-speed switching
are described.

3.1 High-speed IGBT based turn-off loss improvement
Figure 2 shows the trade-off characteristic be-
tween the 1,200-V high-speed IGBT collector-emitter
saturation voltage V(CEgat) and turn-off loss Eofr. The
high-speed IGBT, developed on the basis of the exist-
ing IGBT, uses the active structure that significantly
reduces parasitic capacitance and reduces the concen-
tration of impurities in the collector layer responsible
for suppressing hole injection. Compared with the 7th-
generation “X Series IGBT,” it further reduce turn-off
loss and has the Vcggat)-FEoft trade-off characteristic
that is suitable for high-speed switching”. Figure 3
shows a comparison between the turn-off waveforms
of a 1,200-V/200-A high-speed hybrid module and

Eoft: Vac=600V, Ic=100 A, Vog=+15V/-15V,
T;j=125°C:
Veraty : L =100 A, Vg =15V, Ty; = 125°C
14
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Fig.3 Turn-off waveforms

X Series Si module. Compared with the X Series Si
module, the high-speed hybrid module achieves a 33%
reduction in turn-off loss Eofr by greatly improving tail
current during turn-off.

3.2 SiC-SBD based improvement in reverse recovery loss
and turn-on loss
Figure 4 shows a comparison between the reverse

Voe=600V, Ic=200 A, Vep=+15V/-15V, Rq=4.7Q, T,;=125°C
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Fig.2 1,200 V high-seed IGBT Vce(sat)-Eoft characteristic

Fig.4 Reverse recovery waveforms
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Fig.5 Turn-on waveforms

recovery waveforms of a 1,200-V/200-A high-speed
hybrid module and the X Series Si module. The high-
speed hybrid module can reduce reverse recovery cur-
rent peak value by about 60%. This is explained by
the fact that SiC-SBD is unipolar device, and so it
causes no minority carrier injection. Compared with
the X Series Si modules, the high-speed hybrid mod-
ules are reduced in reverse recovery loss Err by 92%.

Furthermore, the peak value of the reverse recov-
ery current in the FWD is reflected in the peak value of
the turn-on current in the IGBT of the opposing arm.
Since the peak value of the turn-on current reduces
as the peak value of the reverse recovery current gets
smaller, it has become possible to reduce turn-on loss®.
Figure 5 shows a comparison between the turn-on
waveforms of a 1,200-V/200-A high-speed hybrid mod-
ule and X Series Si module. Similar to the reverse
recovery waveforms, the peak value of the turn-on
current can be reduced by about 60%, thereby dem-
onstrating the superiority of the SiC-SBD. Compared
with X Series Si modules, the high-speed hybrid mod-
ules are reduced in turn-on loss Eon by 84 %.

3.3 Switching loss reduction effect

Table 3 shows a comparison of loss between a high-
speed hybrid module and X Series Si module. Com-
pared with the X Series Si module, the high-speed hy-
brid module, which combines a high-speed IGBT and
SiC-SBD, achieves a significant reduction in total loss
of 66%.
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Table 3 Switching loss comparison

Eon (mJ) Eofr (mJ) Ex (mJ) TOEz}Jl)OSS
X Series
Si module 14.5 19.2 14.4 48.1
High-speed hybrid 93 19.8 11 162
module
Reduction rate 84% 33% 92% 66%

4. High-Speed Hybrid Module Effect

In this section, as an example, the inverter gener-
ated loss and chip junction temperature of a distrib-
uted small capacity power conditioning system (PCS)
equipped with a 1,200-V/200-A hybrid module that uti-
lizes an M276 package are described.

Figure 6 shows The result of simulating gener-
ated loss in the inverter. Compared with the inverter
equipped with the X Series Si module at switching fre-
quencies of 20 kHz or higher, the one equipped with
the high-speed hybrid module was greatly reduced
in switching loss, despite the slight increase in IGBT
steady-state loss Psat due to a high Vcgeat).

As a result, total generated loss can be reduced
by about 50%. Furthermore, the rate of reduction
increased in correlation with increases in switching
frequency, and therefore, it can contribute to high-
efficiency operation and miniaturization via the high-
frequency operation of the inverter.

Figure 7 shows the junction temperature of the
chip when mounted to the inverter. The junction tem-
perature of the chip for the high-speed hybrid module
at a switching frequency of 20 kHz was lower than that
of the X Series Si module with temperature of about
18°C for the IGBT and 19°C for the FWD, enabling
the inverter to increase the output current during
high-frequency.

T2=50°C, Ioems =75 A, Vpc=380V, fo =50 Hz,
S0 cos¢ =1.0, A =1.0, 3-phase PWM
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Fig.6 Simulation based comparison of inverter generated loss
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5. Contribution to Power Conversion Equipment

Figure 8 shows the dependence of reactor volume
on switching frequency. When switching frequency is
increased from 10 kHz to 30 kHz, reactor volume can
be reduced by about 50%. By miniaturizing passive
components, such as reactors, via high-speed switch-
ing, the size of the entire unit can be reduced, and this
can most likely lead to cost reduction.

Figure 9 and Fig. 10 show examples of using the
high-speed hybrid module in a PCS and UPS respec-
tively. The demand for small, lightweight PCS has
been increasing due to the proliferation of distributed
photovoltaic power generation. Parallel redundant
UPS configurations are necessary to ensure high
reliability for servers and data centers. There is a
growing need for miniaturized UPS since parallel re-
dundant configurations require the use of multiple
systems. By using the high-speed hybrid modules,
equipment can be compact and lightweight because
increased operating frequency help miniaturize capaci-
tors and reactors for filter circuits, which have been
large in volume and mass. Furthermore, low loss in
the high frequency region is expected to help improve
power conversion efficiency.
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Fig.9 Configuration of PCS power supply using high-speed
hybrid modules
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Fig.10 Configuration of UPS power supply using high-speed
hybrid modules

Figure 11 shows an example of using the high-
speed hybrid module to a power conversion unit used
with a welding machine. High-speed switching is re-
quired to miniaturize a transformer in power conver-
sion equipment with a high-frequency isolation sys-
tem, such as welding machines, plasma cutters, and
induction heaters (IH). In these types of applications,
a resonant circuit system is used to reduce high-speed
switching loss and noise. By using a high-speed hybrid
module, this circuit system can contribute to the min-
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Fig.8 Dependence of reactor volume on switching frequency

High-speed hybrid module

7

Power
supplyo

T
(N1
T

Load

Boost chopper Resonance High-frequency
circuit circuit rectifier circuit

Fig.11 Configuration of welding machine power supply using
high-speed hybrid modules
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laturization and efficiency of power conversion equip-
ment because high-speed switching of 20 kHz or higher
is used in the circuit.

In addition, the module is expected to be applied to
medical device power supplies such as those for X-rays,
as well as EV quick chargers and gas turbines, all of
which are requiring further miniaturization, weight
savings and enhanced efficiency.

6. Postscript

In this paper, Fuji Electric introduced our high-
speed hybrid modules that combine a high-speed
IGBTs and SiC-SBDs. The high-speed IGBT reduces
turn-off loss, and the SiC-SBD reduces turn-on loss,
thereby enabling the module to achieve low loss char-
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acteristics during high-frequency operation.

As the demand for applications that perform power
conversion at high frequencies increases, Fuji Electric
plans to continue pursuing ways to reduce loss so that
Fuji Electric can contribute to energy savings through
the development of products that meet market de-
mands.
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Line-Up of 2nd-Generation Small IPM with
650 V/50A,75A

OKAYAMA, Kenichi*

SIRAKAWA, Toru*

TANAKA, Masanori”

ABSTRACT

In recent years, to deal with global environmental problems, there has been increasing demand for energy con-
servation to cope with greenhouse gas emission regulations and size reduction to save on resources. Fuji Electric
developed a line-up of 2nd-generation Small-IPM with 650V / 50 A and 75 A that integrate the power devices and
control ICs to compose inverter circuits. The products adopting “X Series” IGBT chip technology reduce their power
dissipation compared to conventional products and increase the maximum operating temperature from 125°C to
150°C by using a high heat-resistant packaging technology. These enhancements will contribute to saving energy,
downsizing of power conversion systems and increasing their output current.

1. Introduction

In recent years, to deal with global environmen-
tal problems, there has been increasing demand for
energy conservation to cope with greenhouse gas
emission regulations and size reduction to save on re-
sources. Inverter air conditioners, motor drives, and
servos amp, which are the target of Small-IPM (intel-
ligent power modules), also need to meet these require-
ments.

Especially, for the inverter air conditioners in prin-
cipal countries, energy saving standard is established
on the basis of the annual performance factor (APF),
which represents the energy consumption efficiency es-
timated under actual usage.

In addition to an energy saving characteristic,
equipment needs to have a low noise characteristic
that conforms to standards related to electro magnetic
compatibility (EMC) specified by the special committee
of IEC, Comité international spécial des perturbations
radioélectriques (CISPR).

In order to meet market demands, Fuji Electric
has provided Small IPM integrated with power devices
and control ICs to compose inverter circuits.®

The Small IPM includes a 3-phase inverter bridge
circuit, a control circuit and a protection circuit on one
package, contributing to a size reduction of inverter
circuits. The 2nd-generation Small IPM (2G-IPM)
with rated values 600 V/10 A to 30 A, which was re-
leased in 2015, applies the chip technology® of the
“X-series” insulated gate bipolar transistor (IGBT).
The product achieved lower power dissipation com-
pared with the conventional types, further saving en-
ergy. Furthermore, this product realized increase of
maximum operating temperature Tyiop from 125°C to

* Electronic Devices Business Group, Fuji Electric Co., Ltd.

150°C based on the high heat-resistant package tech-
nology. In addition, thus, the easiness to design and
the expansion of the application area of inverters are
achieved by improving the accuracy of the over-current
detection and the overheat protection function.

The product series of rated 650V /50A, 75A,
which is developed on the basis of 2G-IPM technology,
1s added to the product line-up this time. In this paper,
the features of 2G-IPM technology are described
hereinafter.

2. Product Outline

Figure 1 and Table 1 show an external view of the
product and its main characteristics respectively. The
product has outer dimension of 79.0 X 31.0 X 7.8 (mm)
and adopts a dual in-line structure. The safety stan-
dard of insulation conforms to the UL1557. The rated
voltage is 650 V, and the rated currents is 50 A or 75 A.
Each type has a line-up with or without the overheat
protection function.

Fig.1 Product appearance
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Table 1 Main characteristics of product

Guaranteed operating Over-temperature
Voltage Type name Ie Icp Vengsay Ve temperature protection function
6MBP50XTA065-50 None
50A 100A | 1.30V (typ.) | 1.55V (typ.)
6MBP50XTC065-50 Yes
650 V Tojop <150°C
6MBP75XTA065-50 None
75A | 150A | 1.30V (typ.) | 1.80V (typ.)
6MBP75XTC065-50 Yes
IGBT x 3 FWD x 6 Emitter Emitter
1 1
c H P
- 0 G.\l_l E
BSst\E\QZ | HVIC E - U ‘/i N = ‘/i N
: | 2N 2
C
= L I(}K Trench gate Trench gate
O A
Qz O] e 3 0 v n~ drift layer
E [ n- field stop n~ drift layer
: r E— L
G|
E 1 HVIC N Aj W Collector p* collector
Q layer
O Collector
E (a) IGBT for 2G-IPM (b) IGBT for 1G-IPM
C
o c(i f
E 1 E LN () Fig.3 Comparison of cross section structures of IGBT chips
O K|
= LVIC oL )
[ 1 E ON (V)
= Gﬁé K 5 ~
O .
O LN (w) ®..
Characteristic of
Sense IGBT x 3 ir IGBT for 1G-IPM
Fig.2 Internal equivalent circuit g
E 3r
Figure 2 shows the circuit configuration of the 2G- <
IPM. The 2G-IPM includes a 3-phase inverter bridge 2t
circuit, which consists of 6 pairs of low-loss IGBTs and “~e._ Characteristic of IGBT
high-speed free wheeling diodes (FWD). Each low side : | for2GIPM
IGBT has a shunt current sense IGBT*!. The 2G-IPM 1.2 1.3 1.4 1.5
has a chip of low-voltage integrated circuit (LVIC) for Vorean (V)

driving the low-side IGBT and 3 chips high-voltage in-
tegrated circuits (HVIC) for driving high-side IGBTs.
And this 2G-IPM has a 3 chips of the boot-strap diode
(BSD) with current limitter resistors. These make it
easy to compose high side power supply by only con-
necting the external capacitors. Therefore, an external
insulating power supply is unnecessary, and the space
of print circuit boards can be saved.

3. Product Design

3.1 Device design
(1) IGBT

Figure 3 shows the cross section structures of the
IGBT chip for 1st-generation Small IPM (1G-IPM)
and that for 2G-IPMs. The IGBT chip for 2G-IPMs is

*1: Sense IGBT: IGBT with a current sensing function for
over-current protection
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Fig.4 Trade-off relationship of Vce(sat)-Eoff

based on the X-Series IGBT technology, such as fine
cell technology and thinner wafer technology. Those
IGBT chips include a newly developed current sensing
part, and the IGBT cells for sensing the current are
shunted from those of the main current part. Figure 4
shows trade-off relationship between saturated voltage
VEat) and turn-off loss Eof. The VgEaty and turn-off
loss of 2G-IPMs are improved by 0.5 V and about 56%
respectively compared with 1G-IPMs by optimizing the
resistivity and thickness of the drift layer, doping pro-
file of the filed stop (FS) layer and channel density.
2 FWD

For the improvement of FWD chip characteristics,
it is necessary to suppress the dvwi/d¢ during the re-
verse recovery resulting in noise generation and to re-
duce the reverse recovery loss.

Figure 5 and Fig. 6 show trade-off relationship be-

FUJI ELECTRIC REVIEW vol.64 no.4 2018



500
Characteristic of
100 b ~. FWD for 1G-IPM
\\.~~
= 300f
&
R 200} ..
IS
~ Characteristic of FWD
ok for 2G-TPM
0 L L
2.0 2.5 3.0 3.5
dv,/d¢ (KV/ps)
Fig.5 Trade-off relationship of dv/dEx
175
150 1G-IPM
s
=)
S 125}
i)
>
2
2 100F 2G-IPM
(=}
4
75 F
0 R | | R | Lol
1 10 100
Frequency (MHz)

Fig.6 Result of FFT analysis of reverse recovery voltage
waveform

tween dvi/dt and Ey;, and the comparison of the FFT
analysis of reverse recovery voltage waveforms be-
tween FWD chips for 1G-IPMs and those for 2G-IPMs
respectively. The FWD for 2G-IPMs is based on the
“X-Series FWD” technology. Furthermore, both of soft
recovery waveforms and improvement of the trade-off
characteristics have been realized by optimizing the
anode diffusion profile and the lifetime control. Thus,
10-dB noise reduction by 15% decrease of the dwi/d¢
and 55% reverse recovery loss reduction are expected
compared with 1G-IPM.

3.2 Packaging

Figure 7 shows the cross section of the package
structure. The package structure of newly devel-
oped 2G-IPMs is similar to that of 2G-IPMs in mass-
production. This package structure has been realized
by using the aluminum IMS (insulated metal sub-
strate) and high adhesive strength with the molding
resin. In the case of the 1G-IPMs in the actual opera-
tion, chip heat was transferred to the outer leads via
wire, and there had been a problem that the outer
leads reach high temperature. On the other hand, the
temperature rise of the outer leads of 2G-IPMs is re-
duced with the structure in which the heat of the inter-

Line-Up of 2nd-Generation Small IPM with 650V /50 A, 75 A

Lead terminal

LVIC, HVIC Aluminum wire

BSD \ IGBT FWD Lead frame

Sealing
resin

Case resin

Lead frame ©~ Aluminum insulating
substrate

‘ Cooling path for wire heat ‘

Copper foil for wire
heat cooling

(a) Cross section structure of 2G-IPM package

Lead terminal

Dissipation path 1
for wire heat

LVIC, HVIC Aluminum wire

BSD \ IGBT FWD

Ll

Case resin

Aluminum insulating
substrate

(b) Cross section structure of 1G-IPM package

Lead frame Lead frame

Fig.7 Cross section of package structure

nal wire is dissipated to the aluminum IMS.

Table 2 shows the results of reliability tests. To
achieve the high reliability performance that is equiva-
lent to that of the conventional types, the 2G-IPMs
with rated values 650 V/50 A and 75 A are designed to
suppress the heat generation due to the increase in the
rated current and to reduce the internal stress of pack-
age caused by large package size.

(1) Suppression of heat generation due to increase in
rated current

The rated current of 2G-IPM is enhanced to 75 A
from the 30 A of the conventional products. Therefore,
the heat generated from the IGBT, FWD chip, alumi-
num wire and copper foil of aluminum IMS increases.
To suppress the temperature rise similarly as with
that of conventional types, the aluminum wire diam-
eter and the thickness of the copper foil are increased.
Thus, the newly developed 2G-IPM achieves the ATy,
power cycle capability that is equivalent to that of 2G-

Table 2 Result of reliability test (main items)

Test items Test condition Guaranteed Judgment
value
No char-
Thermal cycle | Low temp.: —40°C S
test High temp.: 125°C 100 cycle acteristics
variation
ATy; = 100+£5°C
ATy power T,j=< 150°C 15 keycle aI::It(:e;:i}:tiirés
cycle test Tc < 125°C Y ati
Io> 50 A variation
High tempera- | Tv; = 150°C No char-
ture reverse Vec=20V 1,000 h acteristics
bias test Ve =510V variation
183
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IPM in mass production.
(2) Optimization of assembly process with rated cur-

rent increase

The internal residual stress after resin molding
increases with enlarging the package size. In this case,
there is the concern that molding resin is delaminated
from chip during the reliability test with heat stress,
such as the temperature cycling test, and that leads to
the electrical characteristics deteriorating. Thus, the
assembly process is optimized to reduce the residual
stress inside the package and the stress caused by
temperature change, realizing the reliability of newly
developed 2G-IPM equivalent to 1G-IPM in mass pro-
duction.

3.3 Protection function

Figure 8 shows the over-current protection circuit.
The newly developed 2G-IPM adopts a current detect-
ing method using a sens-IGBT and shunt resistor Rs.
In addition, the overcurrent protection and short-
circuit protection availability of 2G-IPM is same as 1G-
IPM with external shunt resistor method shown in Fig.
8(b). The method of detecting current with the sense

- ou
) OV
ol Ui ow
a ﬁ:‘ }VCE |
LU[T® /Q :
LVIC TR |
LV[IE [C_ !
G(] !
S |
LW |TE :
I
———————— - ——-——o-——-
VSC| NU| NV NW
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Cl+ b {lios
(a) Sense resistor method
| bu
| ¢ oo
. A — N
veer, ! G(1 |
——— 1) !
| LU[fg ¢ !
l GUE [
| LVIC } l
_‘:D_IS i Lv_‘ E :
COoM | Gﬁ |
i N2
H LW [ |
I I
I I
[ P S |
VSC| NU| NV| NW
40.2(| Rs Rs Rs
"
-
"
(b) External shunt resistor method

Vo * 5 Vidiv ‘
1ot 20 Ardiv V{104
\ 4 | turn off
ST
Veg 1 100 V/div am [ 't | ]
1 . Vig -
I | 0.5 V/div
| ! 1 2 L=t =
dll{iapmis
H : 50 ps/div

Fig.8 Over-current protection circuit
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Fig.9 Waveform at over-current protection

IGBT and Rs can reduce the number of components of
a filter circuit for current detecting, reducing costs of
the total system and saving space of the print circuit
board. Figure 9 shows the waveform at the time of
over-current protection. As shown in Fig. 9, the alarm
output signal Vo is output at the threshold level of
the current detection, and the low side IGBT cuts off.

4. Advantage for the Power Conversion System

Figure 10 shows the simulation result of the in-
verter loss assuming an minimum load of a package air
conditioner (PAC) as 10 horsepower unit. The 2G-IPM
is expected to exhibit loss of approximately 32% that
of 1G-IPM with the same rated current as 75 A of 2G-
IPM, improving the APF performance.

Figure 11 shows the simulation result of the in-
verter loss assuming the maximum load of the same
model, and Fig. 12 shows the result of the temperature
rise at this time. The 2G-IPM showed low power loss
of about 27% that of 1G-IPM with same rated current.
The loss reduction of 2G-IPM results in decreasing
20°C of temperature rise compared with 1G-IPM with
same rated current. Further more, the rated maximum
operating temperature range was increased by 25°C,

Toemy =3 A, Vpc=325V, fo=60 Hz, f.=5kHz,
A =1.0, 3ph-mod, T, =100°C
15
_______________ 13
=
32% P
0k reduction
@ 9
s ______ N
g | Pur
E
g Py,
5 -
) Psat
2G-IPM 1G-IPM

Fig.10 Calculation result of power dissipation [2G-IPM
650 V/50 A, PAC (10HP) medium load condition]
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Toemy =30 A, V=325V, fo=60 Hz, f.=5kHz,
A=1.0, 3ph-mod, 7,=100°C

200
_______________ 164 »
27% .
150/ 136 _l_r_eglgc_tion Py
< P
E
3 N
£ 100 P.,
5
50 |
Psat
0
2G-IPM 1G-IPM

Fig.11 Calculation result of power dissipation [2G-IPM
650 V/50 A, PAC (10HP) maximum load condition]

Toemy =30 A, Vpc=325V, fo =60 Hz, f.=5kHz,
A=1.0, 3ph-mod, 7, =100°C

75
B AT (IGBT)
O ATy (FWD)
50 Guaranteed operating temperature
____________________ )
I
< 42
S The operating |
= temperature '
2 can be expanded. !
25 22 -
0

2G-IPM 1G-IPM

Fig.12 Calculation result of temperature rise [2G-IPM
650 V/50 A, PAC (10HP) maximum load condition]
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and the output current can be expanded and equip-
ment can be downsized.

5. Postscript

The series of the 2nd-generation IPM 650 V/50 A
and 75 A has been described. This series is a part of
the products that meet the requirements of motor drive
inverter, servo amp and package air conditioner (PAC),
which are expected to increase in demand of world
wide. In addition, we are considering of expanding the
line-up of 1,200-V series.

Fuji Electric will continuously offer superior prod-
ucts with advanced technologies and will realize many
benefits such as downsizing, higher efficacy and reli-
able performance of power conversion systems.
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On-Chip Sensor Built-In IGBT Modules for Driving
xEV Motors

NAKAYAMA, Tomoya*

NAKANO, Hayato™

YOSHIDA, Soichi*

ABSTRACT

In recent years, the switch to electric vehicles (xEV) has been increasing, and the xEVs are equipped with invert-
ers for driving electric motors. Therefore, there has been growing demand for inverters and their component IGBT
modules for xEVs. Fuiji Electric has developed an IGBT module that integrates an on-chip sensor for driving motors
of xEVs. The on-chip sensor is equipped with temperature and current sensors. The temperature sensor directly
monitors the temperature of the IGBT chip to improve the permissible current of the module. The low-loss current
sensor monitors large current and enables protective operation when there is an overcurrent caused by short circuit

or other accidents.

1. Introduction

In recent years, in accordance with energy saving
and COg2 emission regulation, switching vehicles to
electric vehicles (xEV), such as hybrid electric vehicles
(HEV) and electric vehicles (EV), is accelerating even
faster all over the world. The xEV is equipped with an
inverter for driving an electric motor. Therefore, there
is increasing demand for inverters and insulated gate
bipolar transistors (IGBT) for xEVs, which are compo-
nents of inverters.

The IGBT module for xEVs that Fuji Electric is

developing achieved a small module having a high cur-
rent density by using reverse-conducting IGBTs (RC-
IGBTSs), on-chip sensors, and a structure in which a
cooler is built in®. In this article, the properties and
characteristics of the IGBT module having a built-in
on-chip sensor are described.

2. On-Chip Temperature Sensor
2.1 Characteristics

Figure 1 shows the circuit diagram of the IGBT
module. In this circuit diagram, 2 IGBTs are config-

Fig.1 Circuit diagram of IGBT module

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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ured in parallel in 3-phase upper and lower arms. The
IGBTSs in the 3-phase upper and lower arms are oper-
ated by switching, and convert the DC voltage of the
battery into AC voltage to drive the motor. The tem-
perature sensor diode (a diode between A and K ter-
minals in Fig. 1) embedded in the IGBT chip monitors
the chip temperature to protect from overheating. The
conventional module had a structure for overheating
protection in which a negative temperature coefficient
(NTC) thermistor is mounted on the insulating sub-
strate away from the chip in the module. However, the
NTC thermistor cannot directly monitor the chip tem-
perature. Therefore, the thermal design had to be cre-
ated considering the variations of product character-
istics, such as device characteristics and the thermal
resistance of packages. Large safety margins had to be
taken for this factor, and this had been a disadvantage
for satisfying requirements (small, lightweight and
large current) modules for automotive applications.

Using the on-chip temperature sensor can greatly
reduce these safety margins. When the IGBT and the
free wheeling diode (FWD) have different chip struc-
tures, only the temperature of the IGBT region can be
monitored. However, the combination of the RC-IGBT
and the temperature sensor allows the chip tempera-
ture to be monitored in a way that reflects both the
IGBT region and the FWD region. This also protects
against overheating when an unexpected reverse cur-
rent is generated from the motor and the current flows
into the power module (in this case, FWD).

2.2 Structure and characteristics

Figure 2 shows a schematic cross-sectional view of
an RC-IGBT. This structure not only simply decreases
the number of chips but also brings advantages like
smaller element areas and thermal resistance reduc-
tion. Thus, smaller and more lightweight inverters are
expected to be manufactured at low costs.

We have realized lower power dissipation of large
capacity RC-IGBT chips, which had been technically
difficult, and mass-producing high power RC-IGBTs
with low power dissipation for vehicles and industrial

+ P Emitter

Gate

p base

1 Current 1 LD

/\ Field stop
layer

pteollector n"cathode

Fig.2 Schematic cross-sectional view of RC-IGBT
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Fig.4 Temperature characteristics of on-chip temperature sen-
sor

use.

Figure 3 shows a planar schematic view of an on-
chip temperature sensor. An on-chip temperature sen-
sor is a pn diode placed on the chip via an insulating
oxide film. A sensor is positioned in the vicinity of the
center of the RC-IGBT chip to monitor the maximum
temperature of the chip.

Figure 4 shows the temperature characteristics
of an on-chip temperature sensor. It shows the diode
voltage at each temperature when a forward current
of 1 mA flows through a temperature sensor diode. It
shows good linearity from —40°C to 175°C.

2.3 Comparison with NTC thermistor

We verified how superior an on-chip temperature
sensor is with respect to an NTC thermistor. Specifi-
cally, we calculated and compared the allowable cur-
rent value of the IGBT module using an NTC therm-
istor with that using an on-chip temperature sensor
under the conditions shown in Table 1.

The NTC thermistor was put on the insulating
substrate, and the chip temperature was estimated
from the measured temperature. Therefore, we needed
to calculate the values considering the characteristic
and dimension variations of the IGBT module compo-
nents such as the chip and the package.
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Table 1 Calculation condition of allowable current estimates

Item Condition
Bus voltage Vg 450V
Output frequency 100 Hz
Switching frequency 10kHz
Power factor 0.8
Modulation factor 1.0
Flow rate 8 L/min
800
700} Temperature
< sensor
’é? 600 |
= 500 f
5}
E 400 | NTC thermistor
o 300}
s
z 200 |
2
< 100}
0 L L L L L
0 2 4 6 8 10 12
Switching frequency (kHz)

Fig.5 Relationship between switching frequency and allowable
current

Figure 5 shows the result of comparing the allow-
able current Iyms) with respect to switching frequency
between the on-chip sensor and the NTC thermistor.
When the switching frequency was 8 kHz, the NTC
thermistor showed Irms) of 521 A, whereas the on-chip
temperature sensor showed Iyms) of 589 A under the
same condition. This estimated calculation shows that
adopting an on-chip temperature sensor can increase
the allowable current by about 13% compared with the
case in which an NTC thermistor is used. This indi-
cates that the same allowable current can be achieved
with a 12% smaller chip. The size of the module itself
can also be reduced by reducing the chip area; there-
fore, the on-chip temperature sensors are effective for
making smaller and more lightweight modules.

2.4 Protection with respect to reverse current

As motors for xEVs are increasingly required to
be more lightweight and provide higher output power,
their operating voltage is increased so the cables can
be made more lightweight. Figure 6 shows an xEV
motor drive circuit. For example, the IGBT may turn
off after detecting some trouble when the motor is ro-
tating at high speed. At this time, if the counter elec-
tromotive force of the motor is larger than the battery
voltage, a short-circuit current in a reverse direction
flows from the motor to the IGBT module. The short-
circuit current flows through the FWD, and the FWD
needs to withstand the short-circuit current until the
protection is applied®. To prevent module breakage,
it i1s necessary to improve the short-circuit current
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Fig.6 xEV motor drive circuit

capability of the FWD and at the same time immedi-
ately detect the failure and protect the module. When
the IGBT and the FWD are different chips or when
an on-chip temperature sensor is not embedded, the
abnormality of the FWD cannot be directly detected.
However, the combination of the RC-IGBT and the
temperature sensor can detect abnormal heat genera-
tion of the FWD and apply protection.

3. On-Chip Current Sensor

An overcurrent like a short-circuit current may
flow in the IGBT module. The IGBT chip may break
in the worst case unless appropriate protection is
performed. One way of giving protection would be to
detect the current flowing through the IGBT with a
shunt resistor connected inside or outside the module
and apply overcurrent protection. The IGBT module
for automotive applications of Fuji Electric can apply
short-circuit protection by detecting the current with
an extremely small sense IGBT placed inside the chip.

When short-circuit protection is applied to a
large capacity module, the power dissipation of the
shunt resistor becomes too significant to ignore be-
cause it detects the main current that flows in the
IGBT. On the other hand, an on-chip current sen-
sor detects, for example, a sense current of about a
ten-thousandth of the main current. Thus, power dis-
sipation can be greatly reduced.

Figure 7 shows an example of a circuit configura-
tion using an on-chip current sensor. When overcur-
rent like short-circuit current flows to the IGBT, a part
of the current is output from the sense IGBT. This
current flows through an appropriate resistor con-
nected to the outside, and thus, the value of the voltage
generated across the resistor is read and the short-cir-
cuit protection operation can be started.

Figure 8 shows waveforms at the time of short-
circuit protection. The waveforms shown in the figure
correspond to voltage waveform Vcg (1), a main cur-
rent waveform Ic (2), a gate voltage waveform Vg (3)
and a sense voltage waveform Vsg (4).
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Fig.8 Waveforms at time of short-circuit protection

On-Chip Sensor Built-In IGBT Modules for Driving xEV Motors

The waveform of Vsg is shown to be similar to that
of Ic. Waveform Vsg can be used to apply protection
when a certain threshold voltage is exceeded. In addi-
tion, like waveform Vgg, the surge voltage can be sup-
pressed with a soft shutdown of the IGBT.

4. Postscript

An IGBT module having a built-in on-chip sensor
for driving xEV motors has been described. A compari-
son of the temperature sensor and the NTC thermistor
shows that the allowable current of the module can be
improved by directly monitoring the IGBT chip tem-
perature. Mounting the current sensor also makes it
possible to monitor a large current with low power dis-
sipation, enabling protection when an overcurrent like
a short-circuit occurs.

There is an increasing demand for modules for
xEVs, and we will continue contributing to global en-
vironment improvement by responding to the demand
for electric vehicles.
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3.3-kV All-SiC Module with Trench-Gate MOSFETSs
for Electric Distribution Equipment

KANALI, Naoyuki”

HOYA, Masashi*

TSUJI, Takashi*

ABSTRACT

Fuji Electric has participated in the project of the New Energy and Industrial Technology Development Organiza-
tion (NEDO) and is developing electric distribution equipment and control systems to stabilize the power grid when
the massive introduction of distributed energy sources, such as photovoltaic power generation. In this regard, we
have developed a 3.3-kV All-SiC module equipped with SiC trench-gate MOSFETSs for electric distribution equipment.
The module reduces inverter loss by 60% and achieves higher power density compared with modules equipped with

conventional SiC planar-gate MOSFETs.

1. Introduction

To cope with environmental problems such as
global warming, emission of greenhouse gases such
as CO2 needs to be reduced. To realize this task, it is
necessary to aggressively utilize renewable energy and
save energy on power electronics. A power semicon-
ductor plays an important role in power conversion of
power electronics. Conventional mainstream silicon
(Si) devices have been improved, but they are currently
approaching the performance limit based on physical
properties. Under such circumstances, a silicon car-
bide (SiC) device, which is a next-generation semicon-
ductor realizing even greater reduction in power dis-
sipation, is expected to contribute to size reduction and
weight saving of power electronics.

Since September 2014, Fuji Electric is working on
the “Demonstration Project for Constructing a Distrib-
uted Energy Next-Generation Electric Power Network”
as a project of New Energy and Industrial Technology
Development Organization (NEDQO). We have been de-
veloping the next-generation voltage regulator (power
distribution devices), such as a static var compensa-
tor (SVC) that utilizes a SiC power semiconductor,
and control systems to expand the adoption of renew-
able energy like photovoltaic power generation and to
maintain and improve Japan’s international competi-
tiveness in the electric power equipment and systems
industry.

2. AIlI-SiC Module for Power Distribution Devices
In the “Demonstration Project for Constructing a

Distributed Energy Next-Generation Electric Power
Network” of NEDO, we are developing power distribu-

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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tion devices and control systems that deal with many
technical challenges such as generation of surplus
power, insufficient frequency trimming, and voltage
increase in power distribution lines, which are caused
when distributed energy such as photovoltaic power
generation is largely adopted to distribution systems
(see Fig. 1). Particularly in Japan, when the introduc-
tion amount of photovoltaic power generation of ordi-
nary homes becomes larger than it is currently, there
would create challenges such as power loss caused by
reverse power flow at the time of voltage increase in
6.6-kV distribution systems and output suppression of
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Fig.1 Outline of “Demonstration Project for Constructing a
Distributed Energy Next-Generation Electric Power
Network” of NEDO



photovoltaic power generation. To solve this issue, it
is necessary to adopt power distribution devices such
as SVCs and step voltage regulators (SVRs) to regu-
late voltage of 6.6-kV power distribution systems. The
power distribution devices to be adopted must be small
and lightweight so that they can be mounted to exist-
ing electric poles (single poles) and must be self-cooling
because water-cooling and forced air-cooling cannot be
supported.

Si power semiconductors dissipate large amount
of power and require large heat sink for releasing heat
generated in the module. Therefore, it is difficult to
develop small and lightweight power distribution de-
vices, and they need to be installed to a frame provided
on the dedicated adjacent 2 utility poles®. Thus, the
power distribution devices are not being adopted very
much in terms of installation places and costs. By hav-
ing an All-SiC power semiconductor module developed
in the 2017 NEDO project, power distribution devices
became small and lightweight, and they can now be in-
stalled on a single pole. High-frequency operation also
became available, and it is expected that power distri-
bution devices will be operated at the high-frequency
(13 kHz or higher), which is higher than the audible
frequency of humans, thus making possible to install
in residential areas. In 2017, we developed an All-SiC
200-A 1-in-1 module with a withstand voltage of 3.3 kV
for power distribution devices and a SVC equipped
with this module®.

For further size reduction and weight saving of
power distribution devices, we are developing modules
with larger rated capacity. The package that is being
developed is equipped with a SiC trench-gate metal-
oxide-semiconductor field-effect transistor (MOSFET)
having both low on-state resistance and high-speed
switching characteristics. This article describes the
structure and characteristics of the All-SiC 400-A
2-in-1 module with a withstand voltage of 3.3 kV that
is being developed for power distribution devices (see
Fig. 2).

Four 200-A 1-in1 modules are necessary to make
the same circuit configuration as the 400-A 2-in-1 mod-
ule. Compared to this figure, the footprint size of the
All-SiC 400-A 2-in-1 module is reduced by 45%.

(Unit: mm)

(a) All-SiC module (2-in-1)
with a withstand voltage
of 3.3kV and rated value
of 400 A

(b) All-SiC module (1-in-1)
with a withstand voltage
of 3.3kV and rated value
of 200 A

Fig.2 AllI-SiC module with withstand voltage of 3.3 kV

An All-SiC module is a combination of SiC-MOS-
FETs and SiC-Schottky barrier diode (SBD) chips.
Since the on-state resistance per unit area becomes
higher as the withstand voltage becomes higher, an
insulated gate bipolar transistor (IGBT) is mainly
used for a withstand voltage of 600 V or higher in the
case of Si. The on-state resistance of IGBT modules
is reduced by conductivity modulation in which posi-
tive holes serving as minority carriers are injected into
the drift layer. However, accumulation of minority
carriers generates tail current at the time of switch-
ing, causing large switching loss. On the other hand,
SiC has lower drift layer resistance compared with Si
devices because of a wide bandgap and can reduce the
on-state resistance without conductivity modulation.
Therefore, both high withstand voltage and low power
dissipation can be achieved with a MOSFET.

The All-SiC 200-A 1-in-1 module developed in
2017 is equipped with SiC planar-gate MOSFETs. To
reduce the on-state resistance per unit area of a SiC
planar-gate MOSFET, miniaturization of the cell pitch
is generally effective. However, excessive miniaturiza-
tion increases the resistance of the junction field-effect
transistor (JFET) and stops the decrease of the on-
state resistance. The SiC trench-gate MOSFET can
suppress the increase in JFET resistance components
due to miniaturization, and thus, low on-state resis-
tance can be achieved.

3. Module Structure

Figure 3 shows the comparison of schematic struc-
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tures of cross sections of modules. The All-SiC module
with a withstand voltage of 3.3 kV follows the struc-
ture of the All-SiC module with a withstand voltage of
1.2 kV for power conditioning systems (PCS) that are
being mass-produced®®@. The structure of the All-SiC
modules is wired with copper pins formed on the power
substrate. Thus, a large current can be supplied, en-
abling high-density mounting of SiC devices. For the
insulating substrate equipped with a chip, a high-
strength insulating substrate that is made of silicon
nitride (SisN4) and has a thick copperplate bonded is
adopted to improve the resistance to residual stress of
the epoxy resin sealing. Further, epoxy resin is used
as the sealing material in the module to suppress de-
terioration of solder and insulation performance dur-
ing high-temperature operation. Thus, high reliability
is secured. However, increasing the capacity of this
module structure caused a problem that the package
becomes large because sufficient insulation distance
needs to be secured.

Therefore, the developed module has a 2-in-1 cir-
cuit configuration that uses a bus bar and has plastic
molded units allocated on the base. The module has
a laminated structure in which units, a bus bar and
the joint part thereof are further sealed with a sealing
material. Thus, the capacity of the module has been
increased with the insulating property secured with-
out increasing the size of the unit. The module has
same appearance as the large capacity power module
“HPnC” (High Power next Core) to secure attachment
compatibility with modules of other companies®. For
the base material, a composite material of magnesium
and silicon carbide (MgSiC) having a low coefficient of
thermal expansion and excellent thermal conductivity
is adopted to secure high reliability for power distribu-
tion devices.

The structure of a laminated bus bar, which is a
wiring between units and terminals such as the drain
terminal and the source terminal, has the characteris-
tics described below. Thus, the insulation property is
secured and the internal inductance of the module is
reduced to 10 nH as with the HPnC.

Figure 4 shows the analysis result obtained by sim-
ulating the wiring inductance of the bus bar. Points
for reducing the wiring inductance are to shorten the
current pathways, increase the cross-sectional area
of the current pathways, and utilize the mutual in-
ductance. Among these, utilization of mutual induc-
tance is important for package design. The influence
of mutual inductance becomes larger as the interval
between bus bars is narrower. The influence becomes
significant when the interval reaches 3 mm or less.
Regarding the developed module, the bus bar between
the drain terminal or the source terminal and the unit
is further sealed with a sealing material to narrow the
interval while securing the insulation property. The
directions of currents flowing through the bus bars are
caused to face each other, thus realizing the module in-
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ternal inductance that is equivalent to the inductance
of the HPnC.

4. Characteristics

The rated current of the newly developed All-SiC
2-in-1 module with a withstand voltage of 3.3kV is
400 A, and the module is equipped with SiC trench-
gate MOSFETs. Therefore, the characteristics were
compared with the characteristics of a 200-A 1-in-1
module equipped with SiC planar-gate MOSFET.

4.1 /-V characteristics during conduction

The loss generated at the time of module con-
duction (steady-state loss) is determined by the IV
characteristics. Figure 5 shows the IV characteris-
tics of an All-SiC 400-A 2-in-1 module and an All-SiC
200-A 1-in-1 module at Tyv; = 25°C and Ty; = 150°C.
The drain voltage of the All-SiC 400-A 2-in-1 module
equipped with SiC trench-gate MOSFETs remained
equivalent even after the drain current is doubled
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at 25°C and 150°C when compared with the All-SiC
200-A 1-in-1 module equipped with SiC planar-gate
MOSFETs. This is because the SiC trench-gate MOS-
FET has smaller on-state resistance than the SiC
planar-gate MOSFET.

4.2 Switching characteristics

The switching loss can be divided into 3 different
types: turn-on loss, turn-off loss, and reverse recov-
ery loss. Figure 6 shows turn-on loss and Fig. 7 shows
turn-off loss at Ty; = 150°C. In addition, Fig. 8 shows
total switching loss.

With respect to the All-SiC 200-A 1-in-1 module,
the turn-on loss and turn-off loss of the All-SiC 400 A
2-in-1 module are reduced when the gate resistance is
4.7 Q. This reduces the total switching loss by 20%.
The SiC trench-gate MOSFET has faster switching
characteristics compared with the SiC planar-gate
MOSFET; therefore, the total switching loss is low
even if the rated current is doubled.
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Fig.8 Total switching loss

4.3 Simulation of inverter generated loss

The inverter for the power distribution device
SVC that is being developed is a 3-level inverter, and
Fig. 9 shows its circuit configuration. Figure 10 shows
simulation results of inverter loss of the All-SiC mod-
ule equipped with SiC trench-gate MOSFET and All-
SiC module equipped with SiC planar-gate MOSFET's
under the operating condition of the 3-level inverter
for a SVC. The loss of the 3-level inverter of the SVC
depends more on switching loss than steady-state
loss. Therefore, the All-SiC module equipped with SiC
trench-gate MOSFETs and having low switching loss
showed 60% lower inverter loss at a carrier frequency
of 13 kHz with respect to the All-SiC module equipped
with SiC planar-gate MOSFETs.

400-A 2-in-1 All-SiC
(trench-gate MOSFET)

200-A 1-in-1 All-SiC
(planar-gate MOSFET)

All-SiC clamp
diode module

Fig.9 Circuit of 3-level inverter of SVC

3.3-kV All-SiC Module with Trench-Gate MOSFETSs for Electric Distribution Equipment 193

issue: Power Semiconductors Contributing in Energy Management



fe=13kHz, V. =1,700V, Ipems = 200 A,
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Figure 11 shows the simulation results of carrier
frequency dependence of a 3-level inverter loss. Under
the operating condition of the 3-level inverter of a SVC,
as the carrier frequency becomes higher, the difference
in the generated loss becomes larger between the All-
SiC module equipped with SiC trench-gate MOSFETs
and the All-SiC module equipped with SiC planar-gate
MOSFETs. The result shows that the All-SiC module
equipped with SiC trench-gate MOSFETSs is superior
at a high frequency.
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5. Postscript

The 3.3-kV All-SiC module equipped with trench-
gate MOSFETs for power distribution devices has
been described. The module follows the structure of
the All-SiC module with a withstand voltage of 1.2 kV
for power conditioners and has high reliability. The
module also contributes to the development of small
and lightweight power distribution devices SVC that
can be self-cooled and mounted on a single pole utiliz-
ing features such as low power dissipation and high-
frequency drive.

With respect to further size reduction and weight
saving of power distribution devices, we will be accel-
erating the development of large capacity All-SiC mod-
ules and contribute to the development of power elec-
tronics technology and realization of the low-carbon
society.

The results has been obtained from the “Demon-
stration Project for Constructing a Distributed En-
ergy Next-Generation Electric Power Network” imple-
mented by the New Energy and Industrial Technology
Development Organization (NEDO). We would like to
express our appreciation to all those involved in this
project.
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SIC-MOSFET with High Threshold Voltage and Low
On-Resistance Using Halo Structure
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ABSTRACT

Fuji Electric has developed a trench gate MOSFET that uses silicon carbide (SiC) to reduce power dissipation of
power semiconductor devices. Although shortening the MOSFET channel length can further reduce power dissipa-
tion, this makes it necessary to suppress the drop in the threshold voltage and breakdown voltage due to the short-
channel effect. The simulations and prototype for a vertical trench gate SiC-MOSFET with a halo structure demon-
strated the suppression of the short-channel effect. We were thereby able to reduce on-resistance while maintaining

a high threshold voltage and breakdown voltage.

1. Introduction

Increasing demand for energy-saving products to
realize a low-carbon society has led to the need to use
energy-saving power semiconductor devices which are
used in power electronics devices. Under these circum-
stances, it was discovered that vertical metal-oxide-
semiconductor field-effect transistors (MOSFETSs) us-
ing silicon carbide (SiC) offered reduced power loss
over conventional vertical insulated gate bipolar tran-
sistors (IGBTs) using silicon (Si), making them a
potentially ideal candidate for power semiconductor
devices. Fuji Electric has already produced a proto-
type of a vertical SiC-MOSFET equipped compact,
lightweight power conditioner (PCS®) and begun com-
mercializing® PCS products for mega solar applica-
tions in its efforts to promote the development of
energy-saving power electronics devices. However,
even greater power loss reductions than those offered
by SiC-MOSFET are necessary to deliver further en-
ergy savings, and reducing on-resistance Ron*A dur-
ing conduction, the dominant of loss factors, is key
to achieving this. This paper describes a vertical
SiC-MOSFET which simultaneously achieves low on-
resistance and suppresses short-channel effects using a
halo structure.

2. MOSFET Low On-Resistance and
Short-Channel Effects

Fuji Electric has achieved®® the world’s high-
est level of low on-resistance through the adoption of

* The Advanced Power Electronics Research Center, the
National Institute of Advanced Industrial Science and
Technology (seconded from Fuji Electric)

¥ Electronic Devices Business Group, Fuji Electric Co., Ltd.

trench gate structure (see Fig. 1) high channel density
and high channel mobility. Furthermore, we have si-
multaneously reduced the electrical field applied to the
gate oxide film with buried p-layers and realized high
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reliability. In the 1.2-kV breakdown voltage class,
channel resistance makes up the greatest proportion
of the on-resistance components, even with a trench
gate structure. Reducing channel resistance is there-
fore effective in reducing on-resistance. It is believed
that one method of reducing channel resistance is to
shorten the channel length Lch. By shortening the
channel length, however, a depletion layer penetrates
both ends of the channel, causing a drop in conduc-
tion band energy levels as shown in Fig. 2. As a result,
noise immunity deteriorates due to the drop in threshold
voltage*?, and breakdown voltage drops due to p base
layer punchthrough. The problem which arises by
shortening the channel length in this way is known as
“short-channel effects”®-®,

3. Halo Structure

Research into short-channel effects as one of the
issues involved in the miniaturization of horizontal
silicon MOSFET has been ongoing since the mid-
twentieth century, and a halo structure is known to be
a suppression technology®-©,

Figure 3 shows a halo structure for horizontal
MOSFET and a formation method involving tilt angle
ion implantation.

A halo structure prevents penetration of the deple-
tion layer from both ends of the channel by forming
a p layer with higher concentration than that of the
channel near the channel to suppress short-channel ef-
fects [see Fig. 3(a)]. Note that as there is no change in
the carrier concentration of the channel layer directly

Source = Drain
Si0,
n* p n*
Halo structure (p™ layer) g
i

(a) Halo structure for horizontal MOSFET

Tilt angle ion implantation Tilt angle ion implantation

I/
-

Halo structure (p* layer)

Si

(b) Tilt angle ion implantation for forming halo structure

Fig.3 Halo structure for horizontal MOSFET and tilt angle ion
implantation for forming halo structure

*1: Threshold voltage: Voltage value between gate and
source necessary to turn on MOSFET
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beneath the MOSFET, there is no deterioration in
channel mobility, or increase in on-resistance. A halo
structure suppresses variations in distance from the
channel ends and channel surface. To prevent any im-
pact on device characteristics, tilt angle ion implanta-
tion is performed, and a halo structure is formed with
cell alignment using a polysilicon gate for the shadow
mask in the case of silicon-based horizontal MOSFETs
[see Fig. 3(b)].

If applying a halo structure to vertical SiC trench
gate MOSFETSs, on the other hand, it is necessary to
form a channel on the trench side wall. Furthermore,
taking the thermal history of the process into consid-
eration, it is necessary to form the halo structure prior
to forming the polysilicon gate. It is therefore not pos-
sible to use the existing halo structure formation pro-
cess as is. Accordingly, we devised a device structure
in which a halo structure is formed on the source side
only [see Fig. 4(a)]. To be more specific, we used the
angle of the gate trench as a shadow mask, and per-
formed tilt angle ion implantation on the trench side
wall [see Fig. 4(b)]. The distance from the channel
surface is determined by the tilt angle ion implanta-
tion energy, and the distance from the channel ends is
determined by the tilt angle ion implantation angle, al-
lowing formation by self-alighment with respect to the
trench shape.
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Fig.4 Trench gate MOSFET halo structure and formation with
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4. Prototype Results

We carried out a simulation, and produced a pro-
totype of a 1.2-kV breakdown voltage class vertical
trench gate MOSFET with halo structure. Thereaf-
ter, we produced a prototype of a 4-inch wafer using
a TPEC*? manufacturing line. The threshold voltage
channel length dependency is shown in Fig. 5. Without
a halo structure, we find that there is a sharp drop in
threshold voltage due to an increase in short-channel
effects as the channel length shortens. By applying a
halo structure, on the other hand, we find that we are
able to suppress the drop in threshold voltage due to
short-channel effects.

Due to the high power supply voltage of several
hundreds of voltage or higher, a high threshold volt-
age is required even with high drain voltage. Figure
6 shows threshold voltage drain voltage dependency.
By applying a halo structure, we are able to sup-
press a phenomenon known as drain-induced-barrier-
lowering (DIBL), one of the short-channel effects in
which threshold voltage drops further when drain volt-

age is increased.

Figure 7 shows the breakdown voltage when p base
concentration is changed. Breakdown voltage drops
when p base layer punchthrough, one of the short-
channel effects, occurs. When the p base concentration
is low, the depletion layer inside the channel tends to
expand easily, enhancing the short-channel effects.
Consequently, breakdown voltage drops rapidly when
the p base concentration is lowered without applying
a halo structure. With a halo structure, on the other
hand, breakdown voltage is maintained even when the
p base concentration is lowered, allowing the drop in
breakdown voltage caused by punchthrough to be sup-
pressed.

The relationship between on-resistance for each
structure and threshold voltage is shown in Fig. 8.
Device characteristics of low on-resistance and high
threshold voltage are preferable, and therefore the
lower right direction in the diagram is the direction of
improved trade-off. Shortening the channel length al-
lows the on-resistance to be reduced as a result of the
drop in channel resistance, however, without a halo
structure, the threshold voltage also drops simultane-
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ously. With a halo structure, on the other hand, even
by shortening the channel length, the application of
a halo structure simultaneously realizes a drop in on-
resistance and high threshold voltage without any drop
in threshold voltage, providing evidence of improved
trade-off.

Figure 9 shows the internal allocation of each
on-resistance element estimated from actual mea-
surement and simulation. Without a halo structure,
channel resistance contributes most, and is domi-
nant. With a halo structure, a drop in on-resistance is
achieved for elements with shortened channel length
due to a drop in channel resistance. Note that the
contribution ratio of the channel resistance becomes
smaller than that of the drift layer and substrate resis-
tance.

Figure 10 shows the relationship between short-
circuit breaking time ts. and on-resistance when the
cell pitch of each structure is changed. Generally
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198

speaking, the longer the ts. and lower the channel re-
sistance, both relationships exhibit a trade-off even for
SiC-MOSFET in the same way as that for Si-MOSFET.
By using a halo structure, we find that ts is ap-
proximately 1.6 times longer even with the same on-
resistance, and that the trade-off has improved.

5. Postscript

We described SiC-MOSFET, which achieved both
high threshold voltage and low on-resistance using a
halo structure. With a breakdown voltage of 1.2 kV,
we produced a prototype of an SiC-MOSFET with halo
structure and confirmed an improvement effect with
the halo structure. To contribute to the realization of a
low-carbon society, we will continue to pursue further
reductions in SiC-MOSFET on-resistance and improve-
ments in reliability.

This paper has been implemented under a joint
research project of Tsukuba Power Electronics
Constellations (TPEC). We would like to express our
gratitude to all those concerned.
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Estimation of Power Losses, Temperatures and Power Cycle
Lifetime for IGBT Modules by Using IGBT Simulator

TAKAKU, Taku®

YUKAWA, Fumio®

IKENOUCHI, Shun®

ABSTRACT

Fuji Electric has released its IGBT simulator free of charge on the website. It simulates the power dissipation
and the junction temperature of Fuji Electric IGBT modules that are incorporated into power electronics systems,
such as inverters. It supports 3-level circuits and many of the widely used pulse width modulation methods and pro-
vides the calculation of the dependence of the power loss on the junction temperature, allowing users to run more re-
alistic simulations. Providing the power loss and the temperature rise transitions of IGBT modules helps users select
modules and estimate their lifetime at the initial stages of design.

1. Introduction

In recent years, the continuous size reduction and
densification of power electronics equipment has been
accompanied by a wider utilization of insulated gate bi-
polar transistors (IGBT) in applications that are char-
acterized by frequent and repeated load changes due
to acceleration and deceleration, such as in the case
of electric vehicles. Thermal fatigue due to repeated
changes in the junction temperature 7y of semiconduc-
tor elements is a problem related to the lifetime and
reliability of the equipment. Therefore, it is necessary
to adopt a design that sufficiently takes into consider-
ation the power loss and temperature rise that occur in
complex operation patterns. Fuji Electric has released
an IGBT simulator® that is available free of charge to
calculate the power losses and temperatures that oc-
curs in IGBT modules. We have recently released Ver.
6 on our website*! as a simulator that enables more
realistic calculation of characteristics such as the tem-
perature dependence of power loss.

2. Overview of IGBT Simulator Ver. 6

Figure 1 shows the operation screen of IGBT Simu-
lator Ver. 6. The simulator is compatible with Win-
dows 7*? and higher. Compared with Ver. 5 of the
simulator, Ver. 6 includes the following functionality:

(a) Supports 3-level circuits

(b) Includes 3-phase inverter PWM methods

(c) Enables calculation of the 7Ti; dependence of
power loss.

*1: https://www.fujielectric.com/products/semiconductor/
model/igbht/simulation/

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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Fig.1 IGBT Simulator Ver. 6 operation screen

3. Calculation of IGBT Module Power Loss

3.1 Support for 3-level circuits

The IGBT Simulator supports 3-phase 2-level in-
verter circuits and boost and buck chopper circuits as
conventionally done. In addition, it supports 2 kinds
of 3-level circuits that are increasingly used in photo-
voltaic power generation, wind power generation and
uninterruptible power systems (UPSs) (see Fig. 2).

3.2 Addition of 3-phase inverter PWM methods
In addition to previously supported sinusoidal
pulse width modulation (PWM) and 2-phase modula-
tion PWM (discontinuous PWM 1), it supports the fol-
lowing 3 widely used modulation methods:
(a) Space vector PWM
(b) 3rd harmonic injection PWM

*2: Windows 7 is a trademark or registered trademark of
Microsoft Corporation
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(b) Advanced T-type

(a) I-type

Fig.2 Newly supported 3-level circuits

(m=0.9)

Sinusoidal wave PWM

3rd harmonic injection PWM Space vector PWM

2-phase modulation PWM
(DPWM Min)

2-phase modulation PWM
(DPWM1)

Fig.3 Control signal and triangular wave carrier signal wave-
forms for each modulation method

(¢) 2-phase modulation PWM (discontinuous PWM
Min)

Figure 3 shows the control signal and triangular
wave carrier signal waveforms for each modulation
method. In Ver.6, simulations can be performed by
changing the control rate (modulation rate) m. m is
defined as B/A, that is, the ratio of the amplitude A
of a triangular carrier signal to the amplitude B of a
control signal in the sinusoidal wave PWM as shown in
the figure.

3.3 Power losses and temperature calculation flowchart
Figure 4 shows the calculation flowchart for the
IGBT simulator. Power losses of an IGBT and a free
wheeling diode (FWD), which constitute an inverter,
are categorized into conduction loss (steady-state loss)
generated during energization and switching loss gen-
erated during switching. Conduction losses are calcu-
lated on the basis of the output characteristics of the

200

C START D
[
[ T (t)=125°C |
| Power loss calculation |_’ IGBT/FWD
T Loss characteristic
| Fourier transform |
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Fig.4 Calculation flowchart

IGBT and FWD, while switching losses are calculated
based on current and gate resistance characteris-
tics. For more details on how power loss is calculated,
please refer to the reference material®. In the IGBT
simulator, the characteristic curve data at each tem-
perature is stored as database content for each module,
and is thereafter used in calculations.

4. Calculation of IGBT Module Temperature

4.1 Thermal resistance model

Figure 5 shows the one-dimensional thermal cir-
cuit model of a 3-phase inverter in the simulator. It
consists of junction-to-case thermal impedance Zin-c),
case-to-fin thermal impedance Zne.s), and heat sink-
to-ambient thermal resistance Zini.a). In this model,
the case temperature 7. and the heat sink temperature
Ts are defined as temperatures directly below the chip.
The ambient temperature 7Ty is treated as a constant.

ry C1
_ T2 Cy
Zw | | =
rs3 C3
T4 Cy

| Module |

Junction
temperature

[1GBT1| [FWD1] [1GBT?2] [FWD2]
Tviry

Ty Tyira)  Tvimo)

Z thc)

Case temperature

Heat sink
temperature

Ambient
temperature Ta

Fig.5 Inverter thermal circuit model
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To calculate the transient temperature rise, each
thermal impedance curve is expressed as a 4th-order
Foster Network circuit represented by Equation 1, in
which 4 parallel circuits of components R and C are
connected in series. In the circuit, r» and cn are values
calculated by the least squares method using the char-
acteristic curve data for transient thermal impedance
on the data sheet. As shown in Fig. 4, these values are
registered in the database for each module of the simu-
lator.

Z,(t) = i ., { 1-exp (— rtc )} .............................. )

Zh: Thermal impedance

ra: Resistance component in the Foster Network
cn:  Capacitance component in the Foster Network
t: Time

4.2 Calculation of temperature rise
To calculate the junction-to-case temperature rise
Twj-cp of an IGBT and FWD, loss waveform Ploss(?)
generated by the IGBT is Fourier transformed, the
obtained Fourier coefficient is multiplied by transient
thermal resistance value, and is then inverse Fourier
transformed. First, Ploss(?) is expanded in a Fourier
series, and Fourier series ao, am, bm for each frequency
component is obtained as expressed in Equation 1.
g
P, (t) =a, +Z {a, cos(mwt) + b, sin(m@t)} - 2

m=1

Pross(?): Loss waveform
: Output angular frequency of the inverter
g Arbitrary integer

Next, Fourier series ¢m, dm of the temperature rise
waveform are obtained by the product of the deter-
mined Fourier coefficient and junction-to-case thermal
impedance Zh(-c)-

4
(a,~ mot,b,)

C,= ml’n ........................................... (3)

n=1

4
(mwr,a,+b,)

= ) o e 4
. 1+ (mar,)?z @

n=1

The Tij.c) () waveform is obtained by applying an
inverse Fourier transform to these series.

g
T (t) =T, +Z {c,cos(mwt) + d, sin(mwt)}

m=0

4 g

:‘Ploss(ave) Z‘FH +z C‘mCOS(ma)t) + dm Sln(ma)t)}

n=1 m=0

Tvj-o(t): Junction-to-case temperature
To: Average value of temperature rise

Using the heat sink-to-ambient temperature Tis.a)

and the case-to-heat sink temperature 7(.s), which is
obtained by the same method as that used for the junc-
tion-to-case temperature T(vj.c)(f), Equation 6 gives the
waveforms of the heat sink temperature Ts, case tem-
perature Tc, and junction temperature 7Tv;.

Ts(t) = Ta + Tis-a)(D)
Te(t) = To(t) + Tic-s)(D)
Tvjaeeny(t) = Te(t) + Tijoacsn(d)

Tuiew)(t) = Te(t) + Twj-) EWD)(E) wevveerreeeieanee (6)
Tle-s): Case-to-heat sink temperature
T(s-a): Heat sink-to-ambient temperature
Ts: Heat sink temperature
T:: Case temperature

Tviagr): IGBT chip junction temperature
Tviewp): FWD chip junction temperature

4.3 Calculation in consideration of the 7,j dependence of
power loss

In IGBT simulators Ver.5 and before, power losses
are calculated with a constant junction temperature Tv;
of 125°C. However, in order to facilitate more realistic
calculations, Ver. 6 comes equipped with a new calcu-
lation function that takes into consideration the T5; de-
pendence of power losses.

In the IGBT simulator, loss and temperature can-
not be calculated simultaneously because the tempera-
ture is calculated after obtaining the power losses for
the entire period of the calculation as shown in Fig. 4.
Therefore, the Tyj dependence of power losses is calcu-
lated as below.

As an initial value, calculate power losses are from
assuming junction temperature Tv;(f) = 125°C for the
entire period of the applicable calculation. Next, cal-
culate the junction temperature Tvj(t) from each of the
values of thermal impedance. After this, recalculate
power loss based on the Tyj(Y) obtained as described
above. Finally, obtain the convergence value by re-
peatedly calculating loss and temperature in this man-
ner.

Figure 6 shows the differences between the number

10?
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100 =
10

Difference with convergence value (%)
—
<
T

106 L L L
1 2 3 4 5

Repetition count (No.)

Fig.6 Difference between the number of recalculations and the
convergence values
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of recalculations of loss and temperature and the con-
vergence value. The calculated IGBT loss for a single
recalculation (assuming 7y; = 125°C) has a margin of
error of 7% with respect to the convergence value. On
the other hand, when the number of recalculations
is increased to 3, the difference with the convergence
value is less than 0.01%, thereby providing a practical
value that can be used without concern.

5. Comparison with Commercially Available
Simulator

In order to verify if IGBT Simulator Ver. 6
correctly calculates loss while taking into consider-
ation 7Ty dependence, we compared its results with
those of the commercially available circuit simulator
PLECS®%*3,

PLECS is an electrical circuit simulation software
for power electronics systems. Switching devices are
modeled as ideal switches. In addition, PLECS can
determine the loss generated in a circuit’s switching
element by inputting the loss characteristics of the
switching element. Temperature simulation is also
possible by incorporating a one-dimensional thermal
resistance model.

Table 1 shows the simulation conditions, and
Table 2 and Fig. 7 shows a comparison of the simula-
tion results. All of the results coincide extremely well,

Table 1 Simulation conditions

Ttem Condition
IGBT module 2MBI600XNE120-50
Circuit and control method Sinusgi-(ll)e}tlla;eoiiril‘izﬁi?PWM
AC output frequency 50 Hz
AC output current 300A
DC bus voltage 600 V
Switching frequency 8kHz
Power factor 0.9
Modulation rate 0.9
Gate resistance 0.56 Q
Case temperature 90°C

Table 2 Comparison of simulation results

Ttem Vor, %'I;Fglll?luéllitc(glc TLRes
product)
IGBT conduction loss (W) 147.6 147.5
IGBT switching loss (W) 103 103.1
FWD conduction loss (W) 30.9 30.9
FWD switching loss (W) 49.9 49.5
IGBT junction temperature (°C) 106.5 106.6
FWD junction temperature (°C) 96.3 96.6

*3: PLECS is a trademark or registered trademark of
Plexim GmbH
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Fig.7 Comparison of IGBT loss and temperature calculation
results

thereby verifying the validity of the calculation.
6. Estimation of the Power Cycle Lifetime

6.1 IGBT module power cycle lifetime

In servo drive systems and applications such as el-
evators and electric vehicles equipped with power con-
verters that use IGBT modules, frequent and repeated
acceleration and deceleration can fluctuate the junc-
tion temperature during speed changes, low frequency
operation and motor lock mode, which in turn can
cause failure in the IGBT module®. Figure 8 shows an
example of the ATy; power cycle curve of an IGBT mod-
ule, and Fig. 9, an example of a load cycle calculated by
the IGBT simulator. The temperature waveform plot-

10° ~

108 S

107 “~

10°

Number of cycles leading to
wear-out failure

104 L L L L L L L
20 40 60 80 100

AT ; (K)

Fig.8 Example of IGBT module AT,; power cycle curve
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ted with solid line shows the maximum temperature
for the inverter output period, whereas that with the
dashed line shows the average temperature for the out-
put period. For details, please refer to the manual® of
the IGBT simulator.

Figure 8 shows the number of cycles (lifetime) lead-
ing to failure when a constant temperature change AT;
is repeatedly applied to an IGBT module. However,
since the actual load changes during the specified op-
eration cycle of the specified period as shown in Fig. 9,
the lifetime of the IGBT module cannot simply be esti-
mated by using the ATy; power cycle curve.

In general, module breakdown due to the ATy;
power cycle corresponds to wear-out failure**. If there
are multiple temperature fluctuations in a specified op-
erating cycle, the power cycle lifetime can be estimated
on the basis of the linear cumulative damage rule
(Miner’s rule).

Multiple temperature fluctuations occurring dur-
ing a specified operation cycle are expressed as ATy,
ATvi2, ATei3, ..., ATji. Next, the number of repetitions
until breakdown occurred at each temperature fluctua-
tion is obtained from Fig. 8 and expressed as N, No,
N3, ..., Ni. If the number of times ATvj1, ATvj2, ATys, ...,
ATji occurs during the specified operation cycle is ni,
ng, ns, ..., nj, the fatigue damage ratio D per operation
cycle can be expressed by Equation 7.

_ n, ny . on, %)
D= N+N+N+ N,

ni: Number of ATyji occurrences during a single
operation cycle

Ni: Number of power cycles until AT fatigue
damage occurs

D: Fatigue damage ratio per operation cycle

Module failure occurs if the cumulative fatigue

Tj-Ave (T1): Single period average value for the IGBT junction temperature
Tj-Max (T1): Single period maximum value for the IGBT junction temperature
Tj-Ave (D1): Single period average value for the FWD junction temperature
Tj-Max (D1): Single period maximum value for the FWD junction temperature
Tecl: Case temperature, Tf: Heat sink temperature
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Fig.9 Example of load cycle calculation via IGBT simulator

damage ratio Neycle X D is more than 1 when the opera-
tion cycle is repeated Neycle. The number of operation
cycles until module failure is determined by Equation
8.

M;ycle = 1/D ............................................................ (8)

Neyele: Number of operation cycles until module
failure

6.2 Power cycle count via rainflow-counting method

The peak counting method, the range pair counting
method and other methods are proposed for predicting
the lifetime in wear-out failure. The rainflow counting
is one of the major methods.

As an example shown in Fig. 10, the T3; profile dur-
ing an operation cycle that is repeated every 60 sec-
onds was obtained via the IGBT simulator. Then, the
number of occurrences n; for multiple ATy obtained by
using the rainflow-counting method from the T; profile
is shown in Table 3.

Ni is the power cycle lifetime at each ATy; obtained
from Fig. 8. On the basis of these values, Neycle = 1.9 X
106 cycles can be obtained by using Equation 8 to cal-
culate the number of cycles until the module is failed
for the 60-second cycle, and from this, the IGBT mod-
ule lifetime can be estimated to be 10.9 years when

120
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Fig.10 Power cycle count via rainflow-counting method

Table 3 Power cycle count calculated via rainflow-counting

method
ATy (K) Occurrences n; Ni n;/ N;
23 to 25 1.5 1.27 x 10° 1.2 x10°?
27 to 29 0.5 4.19 x 108 1.2 x107°
35 to 37 0.5 5.90 x 107 8.5 x 107
39to 41 0.5 2.56 x 107 2.0x 1078
55 to 57 1.0 2.02 x 108 5.0x 1077

*4: Wear-out failure: the failure rate curve can be separated
into the 3 periods: initialization failure, accidental fail-
ure and wear-out failure. Wear-out failure causes the

failure rate to increase over time due to wear and fa-

tigue.
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operated 8 hours a day with Neycle X 60 seconds = 1.1 X
108 seconds.

7. Postscript

In this paper, we described the estimation of power
loss, temperature and lifetime of IGBT modules us-
ing our simulator. In addition to supporting 3-level
circuits and many of the widely used PWM methods,
it enables calculation of power loss depended on junc-
tion temperature in order to provide a more realistic
simulation. Furthermore, we also explained how to es-
timate power cycle lifetime from simulation results in
applications characterized by complex output fluctua-
tions such as those of electric vehicles.

The described simulator, though in simple man-
ner, helps users understand movements in the power
loss and temperature rise of IGBT modules in a user-
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friendly manner. We recommend that this simulator be
used during the initial stages of design to aid users in
selecting modules and estimating lifetime.
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“FA1B00 Series” 4th-Generation Critical Conduction
Mode, Power Factor Correction Control ICs

ENDO, Yuta®

YAGUCHI, Yukihiro®

HIASA, Nobuyuki*

ABSTRACT

Fuji Electric has developed the “FA1B00 Series” 4th-generation critical conduction mode, power factor correction
control ICs to meet the market demand for power supplies with low power consumption and low cost. We have newly
developed an input current trapezoidal wave control method to suppress output voltage ripple while reducing power
source harmonic current. This method facilitates the miniaturization of the output capacitor of a PFC circuit. Further-
more, by inheriting the light-load bottom-skip function and standby mode burst function from the previous model, the
“FA1B00 Series” helps reduce the power consumption and cost of power supplies.

1. Introduction

The use of switching power supplies has become
widespread due to the smaller size and weight of elec-
tronic devices such as televisions. Harmonic current
in switching power supplies can lead to operational
failure, decrease power factor of equipment and distri-
bution facilities, and increase apparent power. There-
fore, the international standard IEC 61000-3-2 classi-
fies electrical and electronic devices in classes A to D,
as shown in Table 1, and establishes regulatory values
with respect to power source harmonic current.

To solve problems related to power source har-
monic current and power factor, power filter correction
(PFC) circuits using an active filter are often utilized,
and it is against this backdrop that Fuji Electric has
commercialized ICs for controlling PFC circuits.

In recent years, there has been increasing demand
for size and price reduction of electronic devices such
as televisions, and this in turn has increased the need
for small and low-cost switching power supplies for
these products.

In addition, energy savings in electrical products in
general has become increasingly important to reduce
environmental burdens worldwide. PFC circuits also
need to be reduced in standby power and improved in

Table 1 Classification of power source harmonic current
regulations (IEC 61000-3-2)

Classification Typical equipment

Class A Major home appliances, Audio equipment
Class B Portable power tools, Arc welding machines
Class C Lighting equipment

Class D PCs, TVs

* Electronic Devices Business Group, Fuji Electric Co., Ltd.

efficiency at light loads.

In response to these demands, Fuji Electric has
developed the “FA1B00 Series” 4th-generation criti-
cal mode PFC control IC line-up as the successor to
the “FA1A00 Series” 3rd-generation critical mode PFC
control IC line-up for counteracting harmonic current.
The “FA1B00 Series” satisfies power source harmonic
current regulations, contributes to miniaturization of
the PFC circuit output capacitor and enables highly
efficient power control during light loads and standby.

2. Overview of the “FA1B00 Series”

Figure 1 shows the external appearance for the re-
cently developed FA1B0O Series, and Table 2 shows a
comparison of major features.

The FA1B0OO Series has lined up the “FA1B21N”
as an IC modified to control the suppression of PFC
output voltage ripple on the basis of the “FA1B20N,”
which integrates communication and burst functions
with the conventional FA1A00 Series to reduce the
standby power. By using ceramic capacitors and film
capacitors for the output capacitors, volume has been
reduced to one-tenth of that of conventional electrolytic
capacitors, thereby contributing to smaller size and

2A18601

@ 1800

Fig.1 “FA1B00 Series”
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Table 2 Comparison of main “FA1B00 Series” features

Item FA1BOON FA1B20N FA1B21N
’(Il‘urn-(_)n timing 7CD winding Inductor Inductor
etection current current
Pulse width control | Voltage mode Voltage Current

mode mode

nght 10ad'sw1tch- Limiting Max. Bottom skip | Bottom skip
ing operation frequency
Communication
capability with LLC No Yes Yes
Currgnt detection Plus Minus Minus
polarity
PFC output over- Single Double Double
voltage protection

LED lighting, General Flat screen

Main applications

etc. TVs

purpose use

longer lifespan of devices. However, this has resulted
in decreased capacitor capacitance and therefore has
the disadvantage of a greatly deviating input voltage
specification for the converter connected to the rear
stage of the PFC circuit. In order to compensate for
this disadvantage, the IC suppresses output voltage
ripple to achieve size reduction and a longer service life
for the device.

Furthermore, the “FA1BOON” has been designed
for applications that improves power factor at light
loads by utilizing a zero current detection (ZCD) wind-
ing for inductor current zero-cross detection in order to
determine metal-oxide-semiconductor field-effect tran-
sistor (MOSFET) turn-on timing. Figure 2 shows the
block diagram for the “FA1B21N.”

3. Features

3.1 PFC output capacitor miniaturization

Figure 3 shows the conceptual block diagram for
the PFC circuit.

In general, capacitors in this circuit need to have a
large capacitance and high withstand voltage to accom-
modate an output voltage of 400V (450 V for electro-
lytic capacitors). However, this has required enlarging
a capacitor (C2), which is used for smoothening PFC
output voltage, and this in turn has created the prob-
lem of a larger footprint in the PFC circuit portion of
the power supply board.

When capacitor capacitance is reduced to achieve
space and cost savings for the board, PFC output volt-
age ripple increases during steady-state operation.
Moreover, when dynamic conditions such as commer-
cial AC input fluctuation or load fluctuation occur, a
high output voltage is generated near a phase compo-

L D PFC output
Y\ Do
V' Power supply
AC input 1C R1 output
—O
& #] Tt 3
C1 oxp v rp| @ — o
DB Cc2
R2
R4 R3 mn DC/DC converter
(LLC, etc.)

Fig.3 PFC circuit conceptual block diagram
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Fig.2 “FA1B21N” block diagram
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Fig.4 Schematic diagram of input current waveform

nent of 90 degrees in response to the input voltage, and
this can lead to power element or electrolytic capacitor
breakdown due to the overvoltage. On the other hand,
near 0 degrees, a large output voltage drop below the
minimum input voltage of the DC/DC converter con-
nected to the rear stage of the PFC circuit may occur,
thereby potentially leading to power supply operation
stoppage or system reset for the equipment.

Therefore, we newly developed and applied an in-
put current trapezoidal wave control method as a new
control method that both suppresses output voltage
ripple and reduces power source harmonic current.

Equation 1 shows the theoretical equation of out-
put voltage ripple for the conventional method using
a sinusoidal input current, Equation 2 shows that for
the new method using an input current approximated
to a rectangular wave, and Fig. 4 shows the waveform
schematic diagram.

B e 1)

AVipo=————
PP o £ V,C

AVpp, = (R 2—4 + Zarcsin(%)— ) AV,
S 0.661AV pppeecneeeaiiieniieniieeieeeeeee e 2)

AVpp: Output voltage ripple (peak to peak)
Py Output power

fic:  AC input frequency

Vo: Output voltage

C PFC output capacitor capacitance

It can be seen from Equation 1 and Equation 2
that the output voltage ripple of the rectangular wave
decreases to 66.1% with respect to that of the sinusoi-
dal wave. In this respect, it is expected that the new
trapezoidal waveform control method will be able to re-
duce output voltage ripple in the same manner as rect-
angular waves while also achieving lower power source
harmonic current than rectangular waves.

3.2 High efficiency at light loads (bottom skip function)
Switching frequency increases at light loads in
critical current operation PFC circuits that turn on the
MOSFET after the inductor current becomes zero. As
a result, MOSFET switching loss increases, resulting
in the problem of degraded efficiency.
The conventional 3rd-generation FA1AOO0 Series

Fig.5 Bottom skip operation

incorporated a bottom skip function to improve effi-
ciency at light loads”. The FA1B20N and FA1B21N
of the 4th-generation FA1B0O Series also make use of
this function.

Figure 5 shows the switching operation of heavy
loads (no bottom-skip operation) and light loads (with
bottom-skip operation).

When bottom-skip operation is not performed, the
mechanism for increasing operation frequency at light
loads is as follows:

(a) Load is lightened.

(b) IC transitions to control the shortening of the
MOSFET ON period.

(c) Since the ON period is short, the OFF period un-
til the first bottom occurs in the MOSFET Vps is
also shortened after entering the OFF state.

(d) Frequency increases because both the ON period
and OFF period become shorter.

On the other hand, when bottom-skip operation is
performed, the mechanism for suppressing operation
frequency at light loads is as follows:

(a) Load is lightened.

(b) IC transitions to control the shortening of the
MOSFET ON period.

(c) Since the ON period is short, the OFF period un-
til the first bottom occurs in the MOSFET Vps
is also shortened after entering the OFF state.
When the sum of the ON period and the OFF
period is less than a certain constant, the bot-
tom skip function delays the turn ON timing of
the MOSFET from the first bottom to the second
bottom.

(d) The OFF period is longer than when the func-
tion is not implemented, therefore, the fre-
quency increase is suppressed.

By suppressing the increase in frequency, switch-
ing loss is reduced, and this improves efficiency at light
loads. In addition, the MOSFET will generate less
heat, and this can contribute to power supply cost re-
duction because the size of the heat sink for dissipating
heat can be reduced.

3.3 High efficiency in standby mode (burst function)

In standby mode in which the load is lighter than
normal light loads, PFC circuit switching loss occu-
pies a large percentage of total loss. Therefore, the
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Fig.6 Burst operation

power supplied to the PFC control IC is generally cut
off and switching is stopped to reduce standby power.
However, PFC output voltage becomes largely depen-
dent on the input voltage. As a result, the standby ef-
ficiency of the rear stage LLC converter deteriorates.
Furthermore, external circuit components are required
to cut off the power supply, which increases the space
and cost of the power supply board.

In order to solve this problem, Fuji Electric has de-
veloped and produces the “FA1A60N” as a product that
uses a function (burst function) to improve efficiency
while maintaining the operation of the PFC control IC
in standby mode. The FA1A60N identifies the standby
mode by means of the communication signal input in
the RT terminal from the LLC converter control IC
FA6B20N®,

In the FA1BO0O Series, the polarity of the signal in-
put of the communication function is changed to reduce
the number of external components required for the
communication function.

During light or heavy loads, error amplification is
performed inside the IC on the basis of the voltage of
the dividing resistors (R1, R2) responsible for moni-
toring the output voltage input to the FB terminal as
shown in Fig. 3, with the output pulse width of the
OUT terminal controlled to maintain PFC output volt-
age at a constant value.

In standby mode, the burst function is used to stop
switching when the output voltage exceeds a certain
range and restart switching when it falls below a cer-
tain range as shown in Fig. 6. This control mechanism
improves efficiency in standby mode.

3.4 Two turn-on timing detection methods

In order to correspond to 2 methods for detecting
the turn-on timing of the MOSFET, the FA1B0O Se-
ries employs an inductor current detection method for
FA1B20N and FA1B21N and a ZCD winding detection
method for FA1BOON, as shown in Fig. 7.

208

FB [ ]vece FB

COMP | JouT comP

RT | JGND  RT

i ]os: cs

OVP

FA1B20N/21N FA1BOON

(b) ZCD winding
detection method

(a) Inductor current
detection method

Fig.7 Terminal arrangement corresponding to 2 detection
methods

4. Effect of Application on Power Supplies

Figure 8 shows an evaluation-use application cir-
cuit (inductor current detection method) equipped with
an FA1BO0O Series product.

Figure 9 shows the power supply operation wave-
forms for the different control methods. Figure 9(a)
shows the waveform at the implementation of the new
control method (input current: trapezoidal wave) us-
ing an FA1B21N and output capacitor with a rating
of 15 uF, which is approximately one-tenth of that of
the conventional method. Figure 9(a) shows the wave-
form at the implementation of the conventional con-
trol method (input current: sinusoidal wave) using
an FA1A20N and output capacitor with a rating of
165 uF. In the FA1B21N, we confirmed that chang-
ing the control method to the input current trapezoidal
wave control method was able to deliver the same level
of stable operation as the conventional method with no
switching operation instability or input current distur-
bance. The measurements for the evaluation results
described below were conditioned upon an input volt-
age of 100 V AC and load power of 200 W.

Furthermore, as shown in Fig. 10, we confirmed
that the output voltage ripple in the new method was
70% of that of the conventional method over the entire
input voltage range. In addition, the basic characteris-
tics shown in Table 3 did not differ with respect to effi-
ciency or power factor, and the power source harmonic
current characteristic shown in Fig. 11 was also satis-
factory, securing a margin of 30% or more with respect
to the Class D regulation values. This shows that the
input current trapezoidal waveform control method is
an effective means of size reduction of PFC output ca-
pacitors.

For example, if power supply specifications are sat-
isfied even at a ripple voltage of 1.4 times that of the
conventional method, the capacitance of the output ca-
pacitor will be halved, thereby enabling space and cost
savings for the power supply board.

Moreover, with respect to the bottom-skip function
and burst function inherited from previous models, we
confirmed light load efficiency and the standby power
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Fig.8 Evaluation-use application circuit (input: 90 to 264 V AC; output: 400 V/200 W)
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Fig.9 Input current waveforms during power supply operation

characteristic using a power supply equipped with a
FA1B20N and verified that high-efficiency character-
istics were the same as previous models. Figure 12
shows the standby power characteristic.

Please note that these power supply characteristics
are the result of applying the FA1B20N, which uses
inductor current to detect turn-on timing. We have

120

Conventional method

100 /\/\/\/—’

~—— " Newmethd

Output voltage ripple (V)
o ®
S S
T T

40 L L L L
80 120 160 200 240 280

Input voltage (V)

Fig.10 Comparison of output voltage ripple (C2 = 15 pF)

Table 3 Comparison of basic characteristics for control

methods
Efficiency (%) Power factor (-)
Method
100 VAC|230 VAC|100V AC|230V AC
New method 86.6 90.3 0.978 0.940
Conventional method 86.6 89.6 0.986 0.940

also confirmed adequate power supply characteristics
for the FA1BOON, which uses a ZCD winding to make
detection.
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The FA1B20N and FA1B21N are suitable for
power supplies that are required to improve efficiency
at light loads or lower the cost by the reduction of the
amount of auxiliary windings responsible for detect-
ing inductor current. The FA1BOON is suitable for a
power supplies that are required to improve power fac-
tor at light loads or further reduce the switching loss of
power elements by detecting turn-on timing with high
precision with a inductor auxiliary winding. In this
way, adequate product can be selected according to the
detection method of the turn-on timing.

5. Postscript

In this paper, we described the “FA1B00 Series”
4th-generation critical mode PFC control ICs. Criti-
cal mode PFC control ICs are required to achieve high
power factor and high efficiency power supply charac-
teristics, while facilitating cost reductions.

In the future, we plan to continue developing prod-
uct series equipped with features that meet the various
requirements of the market, as well as products that
further optimize control and functionality.
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“XS Series’” 650-V Discrete IGBTs

HARA, Yukihito"

KATO, Yoshiharu®

TAMURA, Takahiro”

ABSTRACT

Fuji Electric has developed and launched the “XS Series” 650-V discrete IGBTs as a product line-up for UPSs
and photovoltaic power generation PCSs that operate at a switching frequency of approximately 20 kHz. These de-
vices are improved in a trade-off between conduction loss and switching loss. The series has a rating of 650 V/30
to 75 A, and its conduction loss and switching loss are lower than previous products by 20% or more. When Incor-
porated in a UPS, the device showed higher efficiency than previous products for all load ranges, increasing by up to
0.12 points. It also showed that the rise in device case temperature becomes smaller.

1. Introduction

Recently, utilization of the Internet of Things
(IoT), big data and artificial intelligence (AI) is pro-
gressing and data usage is globally on the rise. In this
situation, servers and data centers that handle data
have high demands for energy saving and efficiency
improvement is progressing for uninterruptible power
systems (UPSs) intended for these types of equipment
requiring high-quality power.

Meanwhile, the spread of renewable energy includ-
ing photovoltaic and wind power generation has led to
more energy decentralization, which has increased de-
mand for power conversion. With power conditioning
systems (PCSs), which convert direct-current power
generated by photovoltaic systems into alternating-
current power, device efficiency has been improving as
with UPSs.

To improve efficiency of UPSs and PCSs, there is
very high demand for switching devices with a lower
loss.

Fuji Electric has developed and launched the “XS
Series” 650-V discrete insulated gate bipolar transis-
tors (IGBTs) as a product line that improves the on-
state voltage and switching loss trade-off characteristic
so as to improve the efficiency of UPSs and PCSs. This
paper outlines the product series and describes the ef-
fect of its application.

2. Outline of “XS Series”

Figure 1 shows major applications of discrete
IGBTs. The 650-V XS Series that Fuji Electric has
developed targets UPSs and PCSs that operate at a
switching frequency of approximately 20 kHz. IGBT

* Electronic Devices Business Group, Fuji Electric Co., Ltd.

and free wheeling diode (FWD) chips with a rated cur-
rent of 30 to 75 A are mounted in the TO-247, a stan-
dard package for discrete products, as show in Fig. 2.
Table 1 shows the major maximum ratings and electri-
cal characteristics of the XS Series. It provides wide-
ranging options according to the equipment power sup-
ply capacity.

1,000
POL

T T 111y

Standardy Discrete IGBT

Adapter\POVeL su supply
for PC Welding Machines

100

o
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General-
purpose
Inverte

Switching frequency (kHz)

T
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Fig.1 Major applications of discrete IGBTs

Fig.2 “XS Series” (TO-247 package)
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Table 1 Major maximum ratings and electrical characteristics of “XS Series”

Maximum rating Electrical characteristic
IGBT FWD IGBT FWD
Built-in
Model Fwp | Packase | S O I S P Rt | mctsic | memsec | Tuiasec
" Y (typ.) (typ.) (typ.) (typ.)
V) &) &) &) V) V) V) V)
FGW50XS65D Provided TO-247 650 50 200 30 1.35 1.50 1.70 1.78
FGWT75XS65D Provided TO-247 650 75 300 30 1.35 1.50 1.70 1.78
FGW30XS65C Provided TO-247 650 30 120 30 1.35 1.50 1.70 1.78
FGW40XS65C Provided TO-247 650 40 160 40 1.35 1.50 1.70 1.78
FGW50XS65C Provided TO-247 650 50 200 50 1.35 1.50 1.70 1.78
FGW75XS65C Provided TO-247 650 75 300 75 1.35 1.50 1.70 1.78
FGZ75XS65C Provided TO-247-4 650 75 300 75 1.35 1.50 1.70 1.78
FGW30XS65 None TO-247 650 30 120 - 1.35 1.50 - -
FGW40XS65 None TO-247 650 40 160 - 1.35 1.50 - -
FGW50XS65 None TO-247 650 50 200 - 1.35 1.50 - -
FGW75XS65 None TO-247 650 75 300 - 1.35 1.50 - -
3. lIssues with Discrete IGBTs 100
For UPSs and PCSs with a few kilovolt ampere or g 8of
larger capacity, 3-level inverters are generally adopted % Pox (TD)
for improving the power conversion efficiency of the = 60f
inverter unit. Figure 3 shows circuit diagrams of the I- ‘g Pu + Py
type and T-type 3-level inverters. = a0} (T4)
UPS and PCSs often have discrete IGBTs operat- E
ing at a switching frequency of approximately 20 kHz. § 20
Figure 4 shows breakdowns of the loss of discrete Pt (T1)
IGBTs in T1 and T2 of the I-type and AC switches . A
(T3 and T4) of the T-type, for which products rated at I-type T-type

650V are used. With the I-type, T1 requires a reduc-
tion in all of the conduction loss Psat, turn-on loss Poy
and turn-off loss Por and T2 requires a reduction in
Psat. With the T-type, a reduction in the IGBT and
FWD conduction loss Psat + Pr and the FWD recovery
loss of Py is important.

To improve device efficiency, minimizing this
power loss in inverter circuits is important and the
XS Series has its focus on reducing the conduction loss

and switching loss of both IGBTs and FWDs.

JK} T2

(b) T-type

(a) I-type

Fig.3 3-level inverter circuit diagrams
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Fig.4 Result of device loss analysis (=20 kHz)

4. Features of “XS Series”

The 650-V XS Series is based on the IGBT and
FWD chip technologies of the 7th-generation “X Series”
and has the optimum design for discrete products used
at a switching frequency of approximately 20 kHz.

4.1 IGBT chip

Figure 5 shows a cross-sectional structure of the
IGBT chips. The “High-Speed W Series,” a conven-
tional product line, uses the 6th-generation “V Series”
IGBT for modules as the basis and is designed with
the focus on high-speed switching characteristics. It
achieves this by adopting a surface structure with the
parasitic capacitance significantly reduced, optimizing
the field stop (FS) layer, controlling the hole injection
into the collector layer and thinning the Si substrate®.
With the XS Series, in comparison, on the basis of the
7th-generation X Series IGBT technology that has im-
proved the trade-off characteristic of Voggat)-Fofr from
the 6th generation, we have adopted design measures
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Fig.6 Trade-off characteristic (IGBTSs)

to improve the trade-off characteristic of Vcgeat)-Foft.
They include adopting a surface structure that is op-
timum for discrete IGBTs for UPSs and PCSs, opti-
mizing the FS layer, controlling hole injection into the
collector layer and thinning the Si substrate. This has
achieved a significant improvement in the trade-off
characteristic from that of the conventional products
with a 0.5-V reduction in VCEsaty and, at the same
time, an approximately 20% reduction in Eof, as shown
in Fig. 6.

4.2 FWD chip

Figure 7 shows a cross-sectional structure of the
FWD chips. The FWD is based on the 7th-generation
X Series FWD, which has the most advanced Vg-Eyr
trade-off characteristic, with the Si substrate thinned
and the amount of lifetime killers optimized. In ad-
dition to improving the trade-off characteristic of
Vr- Eyr in this way, we have given the focus on the low
VF characteristic for optimization to suit UPS and PCS
applications and successfully reduced Vr by approxi-
mately 0.3V from that of the High-Speed W Series,
which is shown in Fig. 8.

4.3 Package
The industry standard TO-247 package has been

“XS Series” 650-V Discrete IGBTs

Fig.8 Trade-off characteristic (FWDs)

adopted. For connection between the chip and lead
frame, lead-free solder is used, which conforms to the
RoHS Directive*! (EU2011/65/EU).

For products with a 75-A rating, a larger current
rating, we also offer a line-up that uses the TO-247-4
package with a sub-emitter terminal added. Reduc-
ing the wiring inductance of the gate-emitter loop by
lowering the emitter common inductance improves the
gate response, which significantly reduces the switch-
ing loss in large-current operation.

5. Effect of Application of “XS Series”

5.1 Result of device loss simulation

Figure 9 shows the result of calculating the gener-
ated loss of the discrete IGBT of the I-type 3-level in-
verter. As compared with the High-Speed W Series,
the XS Series has less loss in T1 and T2 by improving
the Voggat) and Eoff trade-off characteristic.

Figure 10 shows the result of calculating the gen-
erated loss of the IGBT and FWD in the AC switch
(T4) of the T-type 3-level inverter. As compared with

*1: RoHS Directive: A European Union (EU) directive on
the restriction of the use of certain hazardous substances
in electrical and electronic equipment
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the High-Speed W Series, the XS Series has been
confirmed to have lower loss with the T-type as well
achieved by reducing the IGBT VcEat) and FWD V.

5.2 Result of UPS evaluation
Figure 11 shows the result of measuring the effi-
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Fig.11 Comparison of UPS efficiency
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Fig.12 Comparison of IGBT case temperature rise

ciency with the XS Series applied to a UPS that uses
the I-type 3-level inverter. The output capacity of the
UPS used for the evaluation is 3 kW and the switching
frequency of the IGBT is 24 kHz.

The XS Series offers higher efficiency than the
High-Speed W Series, a conventional product, in all
load ranges, increasing by up to 0.12 points. It has
also been confirmed that the rise in device case tem-
perature is smaller with the XS Series than with the
High-Speed W Series in all of T1 to T4, as shown in
Fig. 12.

6. Postscript

This paper has described the “XS Series” 650-V
discrete IGBTs. We have developed this product
mainly for UPSs and PCSs but it can also be widely
applied to the PFC circuit of switching power sup-
plies and industrial devices. We also plan to develop
1,200-V rated products of the “XS Series” discrete
IGBTSs intended for the main switches of T-type 3-level
inverters used for UPSs and PCSs and 2-level invert-
ers.

Fuji Electric intends to continue to contribute
to energy saving and improvement of power conver-
sion efficiency by working on further loss reduction of
devices and offering products that meet the market
needs.
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6.5th-Generation Automotive High Pressure Sensors

SATO, Eisuke®

UENO, Fumiya”®

UZAWA, Ryohei”

ABSTRACT

To respond to environmental regulations and fuel consumption improvement in recent years, high-precision con-
trol technology is being applied to internal combustion engines, namely gasoline and diesel engines, and high-density
mounting is being adopted to achieve downsizing. As a result, automotive high-pressure sensors are required to
achieve high precision and a high guaranteed operating temperature. To meet these needs, Fuji Electric has devel-
oped a 6.5th-generation high-pressure sensor for automotive applications. The product is characterized by its inte-
gration of a metal based package that ensures a high breakdown voltage with the sensor chip that guarantees opera-
tion and precision even under high temperature and pressure. The sensor has achieves miniaturization and guaran-
tees operation at 150 °C using miniaturization technology and revised circuit layout.

1. Introduction

Today’s automobiles not only need ensure safety
and comfort, but are also increasingly required to re-
duce environmental burdens according to laws that
regulate the emission of air pollutants and COsz. In
order to meet these regulations, there has been rapid
development of control systems for electric-powered
vehicles such as hybrid electric vehicles (HEV), electric
vehicles (EV) and fuel cell vehicles (FCV). At the same
time, conventional internal combustion engines are un-
dergoing developments to reduce environmental bur-
dens through high-precision control technology.

Automotive pressure sensors include low-pressure
sensors with a measuring range of less than 1 MPa
and high-pressure sensors with a range of more than
1 MPa. Low-pressure sensors are being increasingly
used for systems that seek to improve fuel efficiency
in internal combustion engines, such as gasoline and
diesel engines, by precisely controlling intake volumes
and fuel mixture ratios, as well as for systems that
endeavor to clean exhaust emissions by recirculating
gas after combustion in order to reduce the emission of
air pollutants. High-pressure sensors are designed to
improve fuel efficiency and safety and are used in the
hydraulic pressure control units of automobile engines,
transmissions, power steering and brakes.

Fuji Electric started mass production of automo-
tive pressure sensors in 1984. Since then, our sen-
sors have been utilized in automobiles throughout the
world by improving detection accuracy and achiev-
ing a high level of reliability capable of withstanding
harsh automotive environments. Starting in 2005,
we were able to improve detection accuracy with our
5th-generation digital trimming type pressure sensors

* Electronic Devices Business Group, Fuji Electric Co., Ltd.

that utilized a complementary metal oxide semiconduc-
tor (CMOS) process. Furthermore, in 2010 we started
mass production of 6th-generation pressure sensors
designed for miniaturization and enhanced noise resis-
tance®.

In this paper, we introduce our 6.5th-generation
automotive high-pressure sensor capable of ensuring
precision in the high-temperature environments that
have accompanied engine downsizing. This product
has refined the conventional 5th-generation automo-
tive high-pressure sensor for engine oil pressure.

2 Overview of Pressure Sensors

2.1 Application of automotive pressure sensors

Figure 1 shows the applications of automotive low-
pressure sensors, and Fig. 2, those of high-pressure
sensors. The electronic fuel injection systems for im-
proving fuel efficiency in automobiles make use of
manifold absolute pressure (MAP) sensors for measur-
ing intake pressure, as well as temperature manifold
absolute pressure (TMAP) sensors that implement
temperature detection. In addition, many other types
of pressure sensors for improving fuel efficiency are
also used, such as barometric sensors for assisting
highland correction in prevention of fuel efficiency deg-
radation during high-altitude travel, pressure sensors
for detecting intake air filter box clogging, and sensors
used with turbo engines for detecting supercharging
pressure.

Furthermore, there are also pressure sensors for
detecting diesel particulate filter (DPF) clogging and
sensors for exhaust gas recirculation (EGR) in systems
that reuse exhaust gases, both of which were designed
to satisfy enhanced emissions regulations typified by
Japan’s exhaust gas regulations or Europe’s Euro 6
regulations.
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Fig.1 Automotive low-pressure sensor applications
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Fig.2 Automotive high-pressure sensor applications

Moreover, there are also fuel tank pressure sensors
to detect fuel leakage used in Europe and the United
States as pressure sensors required to meet safety
regulations.

For high-pressure detection applications, the de-
mand is increasing for fuel pressure sensors that can
be mounted on diesel engines and direct-injection
engines because automobile makers have become in-
creasingly using downsized engines to improve fuel ef-
ficiency. In addition, transmissions have also advanced
in compactness, lightweight, and function for high fuel
efficiency, and they use multiple pressure sensors.
Pressure sensors are also increasingly used for hy-
draulic systems, such as for measuring engine oil pres-
sure (1 to 3 MPa). In this way, the demand for high-
pressure sensors has thus been rapidly expanding.
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2.2 Installation environments of automotive pressure sen-

sors

In recent years, high-density mounting has been
increasingly utilized as engines are downsized to
achieve better fuel efficiency for automobiles. As a
result, pressure sensors are required to ensure high-
precision high-temperature operation and electromag-
netic compatibility (EMC), that is, having durability
in electromagnetic noise generated by other electronic
devices. Furthermore, depending on their application,
they also need to have high-pressure resistance, corro-
sion resistance and electrification characteristics.

3 Overview of 6.5th-Generation Automotive High-
Pressure Sensors

Our 6.5-generation automotive high-pressure sen-
sors have the structure shown in Fig. 3 in order to ac-

Fig.3 Automotive high-pressure sensor
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commodate use in high-pressure and high-temperature
environments.

In particular, these sensors have the feature of in-
tegrating a package that utilizes a metal base and en-
sures high pressure resistance with a sensor chip that
guarantees operation and accuracy even when high
temperatures and high pressures are applied.

3.1 High pressure resistant package with metal base

The package for low-pressure pressure sensors is
characterized by integrally molding the lead frame
for electrically connecting the sensor chip with a poly-
phenylene sulfide (PPS) resin. However, the pressure
resistant strength of the PPS resin itself is insufficient
when applied with a high pressure. In order to solve
this problem with respect to automotive high-pressure
sensors, a metal base is used for the section where
pressure is applied in order to improve pressure resis-
tance of the entire sensor structure. Figure 4 shows
the high-pressure sensor structure and mounting state
schematically. The drawing shows the parts subjected
to pressure when pressure is applied (area Ao, As) and

A ) Sensor chip
(Sensor chip pressure-
receiving area)

Metal base .
Fixed
[ <]
& o | ,i/ pressure P,
~ f
O-ring — ! \ £ f Ag
(Fixed pressure
Lo
area)
Enclosure

Aq
(Diaphragm area)
Ao

(O-ring internal area)
Pressure P,

Fig.4 Schematic diagram of the high-pressure sensor and its
mounted state

Resin connector Appearance of final form

Resin connector secured via

/ metal part caulking

Enclosure

O-ring Automotive high pressure

sensor

Fig.5 High-pressure sensor mounting example

6.5th-Generation Automotive High Pressure Sensors

the part with the counteracting reactive force (area
Ay). Figure 5 shows an example of mounting the high-
pressure sensor. The enclosure shown here represents
the side to which the high-pressure sensor is mounted.
The high-pressure sensor is secured by the enclosure
and a fixture inserted from the top. Airtightness is en-
sured by an O-ring inserted between the enclosure and
the high-pressure sensor.

Since the high-pressure sensor is secured with the
help of the reactive force from the fixture, the relation-
ship between the applied pressure and fixed load can
be expressed by the following equation.

(1) Applied pressure and fixed load

F= Poe(Ao+ Ag) = Pro Aporeeeeeerereeessinesisniissnn, 1)
F Fixed load
Pin: Applied pressure
Ao O-ring internal area
As: Sensor chip pressure-receiving area
P;: Fixed pressure
Ar. Fixed pressure area

By rearranging Equation 1, fixed pressure can
be expressed as P. = Pn-(40 + As) / Ar. However, in
the actual structure, (4, + As) / Ar is extremely small,
and this means that fixed pressure P; can be reduced
and the size of the high-pressure sensor miniaturized,
thereby contributing to the miniaturization of the en-
tire structure.

In addition, the mechanical strength required for
each member (adhesive between sensor chip and metal
base, and the metal base itself) when the applied pres-
sure P, is generated can be expressed by the following
equation that takes into consideration respective stress
balances.

(2) Structural design for the applied pressure

Pine (Ag + Ag) < O Ap verererererereeensisisisisisissnns 2
Pin: Pressure
Aq: Diaphragm area
As: Sensor chip adhesive area
om: Metal base elastic limit stress
Ar. Fixed pressure area

PioAd < GgeAig et 3)
Pin: Pressure
Aq: Diaphragm area
os:. Bonded member breaking stress (i.e., the ad-
hesive)
As: Sensor chip adhesive area

Since the temperature environment for automo-
biles ranges widely from —40 to +150°C, it is necessary
to employ a design that takes into consideration the
stress generated by differences in the thermal expan-
sion coefficients of each member. In particular, the
selection of the adhesive and metal base materials is
important with regard to the stress generated between
the sensor chip and the metal base.

We created an FEM analysis model during the
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package design stage for the high-pressure sensor. In
particular, we analyzed the deformation and stress
distribution when applying pressure P, as well as the
thermal stress deformation and stress distribution at
the time of temperature change. Figure 6 shows the
FEM analysis model diagram, and Fig. 7, the FEM
analysis results. The material and structural dimen-
sions of each member were determined on the basis of
the results of this calculation.

3.2 Sensor chip for high-temperature operation

Fuji Electric has developed pressure sensor chips
that incorporate high-precision technology on the ba-
sis of the principle “All in one chip” that combines all
features such as pressure detection, characteristic com-
pensation, signal processing, protection circuit, failure
diagnosis and EMC protection.

Silicon

Base glass

Bonding material
Metal base

Fig.6 FEM analysis model diagram

Silicon

Glass

/ Bonding

material

Metal base

(a) Stress distribution of applied pressure

Mises stress

Max.
Location where the
maximum stress occurs
in the chip due to
thermal stress
0

(b) Thermal stress

The basic operation of the pressure sensor chip is
shown below. The diaphragm, which is formed by pro-
cessing a portion of silicon into a thin film using Fuji
Electric’s proprietary etching technology, will deform
in response to applied pressure. At such a time, there
are changes in each of the resistance values of the 4
piezoelectric resistors, which are composed of the dif-
fusion wiring arranged on the diaphragm. The balance
of the Wheatstone bridge circuit composed of the piezo-
electric resistors is lost, resulting in a potential differ-
ence in the output. By amplifying and outputting this
potential difference, the applied pressure is converted
into an electrical signal. Figure 8 shows an overview of
the pressure sensor chip.

In order to reduce the size of conventionally mass-
produced 5th-generation automotive high-pressure sen-
sors and increase the guaranteed operating temperature
to 150°C, we have recently developed a chip for 6.5th-
generation automotive high-pressure sensors. Figure
9 shows the external appearance of the chip for the
6.5th-generation pressure sensor and 5th-generation
pressure sensor.

The chip uses the technologies of CP process-
ing and circuit miniaturizing developed for the 6th-

Characteristic
compensation
circuit

Diaphragm (piezo resistance)

Signal
processing
circuit

T Glass

Failure diagnosis
circuit

Overvoltage

elements protection circuit

(a) Chip structure

Pressure applied

Diaphragm

Silicon
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Glass

Vacuum
reference

T " (b) Sensor chip cross section

IN+
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IN-
O OUT-

(c) Diaphragm circuit (Wheatstone bridge)

Fig.7 FEM analysis results
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Fig.8 Overview of the pressure sensor chip
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(b) 5th-generation

(a) 6.5th-generation

Fig.9 Pressure sensor chip appearance

generation pressure sensors. As a result, it is 14%
smaller than the 5th-generation chip (area ratio). Fur-
thermore, the linearity of the output characteristic is
improved by optimizing the diaphragm diameter and
thickness and the gauge resistors position. Moreover,
by optimizing the temperature characteristics of each
circuit block shown in Fig. 10, characteristic degrada-
tion in the high-temperature operating region is sup-
pressed and accuracy was ensured at 150°C (see Fig.
11).

Figure 12 shows the pressure-output characteristic
diagram for the product. By setting the output of the
sensor to the diagnostic voltage region when the wire
harness is disconnected, it becomes possible for the
higher-level system to detect failures. On the other

DAC — Sensitivity (Overvoltage)
. X Sensitivity, adjustment protection VCC
Trimming offset circuit circuit
circuit |
DAC .
Temperature Sensor  |—] Amphﬂer VOUT
detection component circult
Sensitivity
Temper- ﬁempetra!;utrje |
ature | ar(a)cffsg;s 1cs Offset Clamp
detection temperature adjustment circuit
component characteristics circuit GND

Fig.10 Circuit block diagram for the 6.5th-generation automo-
tive pressure sensor
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Fig.11 Output error temperature characteristic

6.5th-Generation Automotive High Pressure Sensors
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Fig.12 Pressure-output characteristic diagram for the 6.5th-
generation automotive pressure sensor

hand, when too much or too little pressure is applied,
the output may reach the diagnostic voltage region and
lead to erroneous detection. However, this product is
able to prevent erroneous detection because it comes
with an output voltage clamping circuit and is able to
reliably dissociate the diagnostic voltage region and
normal output voltage range®.

Table 1 shows the specifications for the 6.5th-
generation automotive high-pressure sensor.

Table 1 Specifications of the 6.5th-generation automotive
high-pressure sensor

Ttem Specifications
W7.5 x H10.0 x D5.6 (mm)

Product size (resin section)

Operating temperature range —40 to +150°C

Operating pressure range

. ; 0to 1 MPa
(engine oil pressure)

Rated pressure Pressure range X 3

Power supply voltage 5+0.25 V

Output voltage (at power supply

voltage of 5 V) 0.5t04.5V

Sink/source capability Sink 1 mA, source 0.1 mA

Clamp voltage

Clamp function 0.35 V/4.65 V (typ.)

Pressure direction Pressurized from back

ESD (external interface terminal)

MM (0Q, 200 pF) +1 kV or higher

HBM (1.5 Q, 100 pF) +8 kV or higher

ISO 7637 (2011) standard
Pulsel, 2, 3a, 3b
Clears LEVEL-II

Transient voltage surge

Impulse +1 kV or higher
Latch-up (current injection method) +500 mA or higher
Overvoltage (VCC-GND) 16.5 V (max.)
Reverse connection (VCC-GND) 0.3 A (max.)
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4. Postscript

In this paper, we introduced our 6.5th-generation
automotive high-pressure sensor. In the future, we
plan to further expand its application range to include
other types of high-pressure applications (up to 4 MPa)
in addition to engine oil pressure applications. As
product development expands throughout the world, it
is expected that pressure sensors will be increasingly
required to meet harsh demands regarding enhanced
product performance from the standpoint of better
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fuel efficiency and compliance with environmental and
safety regulations. In this regard, we will continue to
work hard to develop the products needed by the mar-
ket in order to meet the requirements of the market.
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“UPS7000HX Series” and “UPS6000DX Series,”
Using Lithium Ion Batteries

YASUMOTO, Koji*

KITANO, Akihiro®

GOTO, Mizuho*

ABSTRACT

There has been increasing demand for large-capacity uninterruptible power systems (UPSs) for data centers
and other facilities that require a stable supply of power. Fuji Electric has developed a large-capacity UPS system
that uses lithium-ion batteries (LIBs). The system employs highly reliable LIBs manufacturing by Samsung SDI and
comes equipped with a battery management system that ensures the safe operation. The LIBs, having a life ex-
pectancy of 15 years, will be used without replacement during the entire life of the UPS main body. The installation
space of the LIB is only 53% that of a lead-acid battery, achieving space saving.

1. Introduction

The development of the information age has
brought about increased demand for large-capacity
uninterruptible power systems (UPS) that provide
a stable supply of power. The data center field in
Japan is expected to further grow because of the need
for new types of data processing, such as cognitive
computing*!, Al and the Internet of Things (IoT), in
addition to expanded use of cloud services. In such cir-
cumstances, UPS systems are required to operate sta-
bly and efficiently and need to be installed in smaller
spaces.

Lead storage batteries have been conventionally
used as the backup power supply of UPS systems.
These lead storage batteries are low-cost and have
high reliability. However, they have the disadvantages
of being heavy and large and having a low energy den-
sity. Lithium ion batteries (LIB), which are superior
to lead storage batteries, provide high energy density,
high voltage, and small size, and they are used in
many industrial products. The application of LIBs has
been expanded mostly to mobile devices, and they are
also being rapidly used for electric vehicles and power
storage facilities. However, LIBs are not being used
for large-capacity UPS systems that much. This is be-
cause UPS systems are installed in the electric room of
buildings. An LIB uses electrolytes having fire risks

*1: Cognitive computing: A system that causes computers to
not only process instructions given from humans but also
thinks and learns like humans to present materials that
help human decision-making.

* Power Electronics Systems Business Group, Fuji Electric
Co., Ltd.
¥ Samsung SDI Japan Co., Ltd.

like petroleum. Facilities that store or handle a large
amount of LIBs need to take certain measures as dan-
gerous facilities in accordance with the Fire Services
Act.

Fuji Electric has employed Samsung SDI's LIB
that can be expected to save space on large ca-
pacity UPSs such as the “UPS7000HX Series” and
“UPS6000DX Series.”

2. Outline of UPS

2.1 Specifications of the UPSs and LIB

Figure 1 shows the appearance of the “UPS7000
HX-T3,” which uses lithium ion batteries, and the LIB
unit (one rack), and Table 1 shows the specifications of
the “UPS7000HX-T3” and “UPS6000DX-T3.”® Table
2 shows the specifications of the LIB unit, and Fig. 2
shows the connection diagram of the UPS system and
the LIB unit. One rack of the LIB unit has one series

(a) “UPS7000HX-T3”

(b) LIB unit

Fig.1 Appearance of “UPS7000HX-T3” and LIB unit
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Table 1 Specifications of “UPS7000HX-T3” and “UPS6000DX-T3”

Table 2 Specifications of LIB unit per rack

Item

UPS7000HX-T3| UPS6000DX-T3

AC input

Circuit system

UPS double conversion

Rated voltage

415/420V

(440 V) 200/210V

Input power
factor

0.99 (delay) or more

Rated frequency

50/60 Hz

Ttem UP§70'OOHX UPS6000DX
eries Series
e
Rated cell voltage 3.8V
Rated module capacity 2036.8 Wh
Rated rack capacity 34.6 kWh 24.4 kWh
Number of modules 17 modules 12 modules
Rated rack voltage 516.8V 364.8V
Final voltage of rack 4352V 307.2V
curtont of 1ack 450A
Maimum Sechore
Charge voltage of rack 571.2V 403.2V
Charge current of rack 22.3A
Temperature 23+5°C
Dimensions W700 x D700 x W700 x D700 X
H2,350 (mm) H1,900 (mm)

Weight 700 kg 600 kg
Electrolyte amount 38.76 L 27.36 L

Harmonic
current (total) 5% or below
200/208/210 V
Rated voltage 41(132‘%\’ (220/230/380/400/
Bypass 415/420/440V)
Input Voltage range +10%
Rated frequency 50/60 Hz
Rated output 100/150/200/
apparent power 500 kVA 250/300 kVA
Rated output 100/150/200/
active power 500 kW 250/300 kW
fl,%ated power 10
actor
200/208/210 V
Rated voltage 41(132\(,))\’ (220/230/380/400/
415/420/440 V)
Voltage
distortion factor
(100% linear 2% or below
load)
Voltage
distortion factor
(100% rectifier 5% or below
load)
Voltage accuracy Within +1%
Inverter 3% or below
4% or below
output (at 100% (at 100% sudden
sudden load
load change)
change)

Transient volt-
age fluctuation

2% or below (at 10% sudden input
voltage change)

2% or below 1% or below
(at AC input |(at AC input black-
blackout and out and restora-

restoration) tion)
5% or below (when switched from
bypass to UPS)
Settling time 50 ms
Overload 125% x 10 min, 150% X 1 min
capacity
Frequency +0.01% (at internal oscillation)
accuracy
External
synchronous 50/60 Hz = 5%

frequency range

circuit having a predetermined voltage and capacity.
Components are installed in the order of a conductor
for parallel connections, switchgear, a switching-mode
power supply (SMPS) assembly, and battery modules
from the upper shelf. The battery management system
(BMS) monitoring these components consists of a sys-
tem BMS, a rack BMS and module BMSs.

The switchgear includes a protection circuit and a
rack BMS. The rack BMS collects all the information
related to the rack and monitors the state of all the

222

*Amount of current the battery can produce in 1 second at the time of
overload.
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Fig.2 Connection diagram of “UPS7000HX-T3” and LIB unit

modules in the rack. In addition, when an abnormal-
ity occurs, it protects the battery system and transmits
the rack information to the system BMS, which moni-
tors the rack parallel system.

The SMPS assembly includes a control power sup-
ply and a system BMS. The system BMS collects all
the information of the rack BMS in the parallel system
and transmits the data to the outside via MODBUS*?2
communication. The surface of the LIB unit has a lig-
uid crystal display (POD), and the state inside the rack
can be monitored. The data can also be stored in an

*2: MODBUS:
Schneider Automation, Inc.

Trademark or registered trademark of
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SD card and used as analysis data.

The battery module has 8 battery cells connected
in series. It also has a module BMS inside to monitor
the state of the modules. The system measures the
cell voltage and the cell temperature and transmits the
data to the rack BMS.

The connections between devices, including main
circuits and protection circuits, can be performed at
the front side, therefore provide good maintainability.
The short-circuit protection fuses are in the secondary
side of the MCCB (wiring breaker) in the switchgear
and in the module section. The control power supply
is duplicated and supplied from the input and output
of the UPS. The interface with the UPS is only the
failure signal of the contact, and the state can be moni-
tored from outside through MODBUS communication.

The rated cell capacity is 67 Ah (1-hour rate), and
the rated cell voltage is 3.8 V. The UPS7000HX-T3
includes 17 modules, and the UPS6000DX-T3 includes
12 modules. The rated discharge current per rack is
450 A, and the maximum discharge current is 600 A
per second at the time of overload.

The number of racks necessary for the LIB unit is
determined by the backup time of the design lifespan
(It does not guarantee the life), UPS capacity, load
power factor and DC/AC efficiency with the following
conditions as standard: an design lifespan of 15 years,
ambient temperature of 25°C, and discharge condition
of a 5% discharge 24 times a year and 100% discharge
2 times a year. Regarding the momentary voltage drop
in power systems, it has been reported that the an-
nual average number of momentary voltage drops per
substation is 2.8 times. In addition, the duration of
momentary voltage drops tends to be 6 cycles or below.
This result shows the discharge condition has a suffi-
cient margin.

2.2 Safety of LIB

LIBs have risks of fire and bursts caused by an
internal temperature increase due to overcharging
or short circuits, and an occurrence need to be pre-
vented. Therefore, measures for preventing accidents
are taken for each layer of the LIB cell, the LIB mod-
ule and the LIB system.

The LIB cell has a structure for preventing short
circuits between the anode and the cathode and a
safety mechanism regarding temperature increases.
In addition, the LIB module has a structure that sup-
presses temperature increase of cells and uses incom-
bustible materials. The LIB system is also protected in
4 stages: at the UPS, the BMS, the rack fuse and the
cell. Figure 3 shows the safety protection of the LIB
system. To protect the battery system, the UPS moni-
tors charging overvoltage and undervoltage and trips
the MCCB when detecting them.

Table 3 shows the battery system protection func-
tion of the LIB unit. There are major failures that
release the MCCB and disconnect the Lib system from

UPS battery External communication
input (MODBUS)

System BMS

Trip command +

Rack voltag

Rack
Rack current BMS
D————]

[] Fuse blown

Cell voltage
—= Cell temperature
—_—

Module
BMS

L Module

T —— | BMS

€L Module
T —— | BMS

Protection function of battery system

Overvoltage/undervoltage
Charge overcurrent
Discharge overcurrent
Cell high temperature

MCCB trip
Fuse blown

1 BMS monitoring
— MCCB trip

2 | Rack protection

Fuse blown in cell
Cell protection mechanism
Pressure valve release

3 | Cell protection

Fig.3 Safety protection of LIB system

Table 3 Protection function of battery system

Item Major failure | Minor failure

Cell overvoltage

Cell undervoltage

Rack overvoltage

O]0|0|0
|

Rack undervoltage

Voltage imbalance -

0|0

Voltage detection sensing error -

High temperature

Low temperature -

OO

Temperature unbalance -

Charge overcurrent

Discharge overcurrent

Communication failure 1 -

Communication failure 2 -

MCCB failure 1 -

MCCSB failure 2 -

Current detection abnormality -

O]0|0]0|0|0

Fuse blown -

the UPS, and minor failures that only cause an alarm.
The major failures include cell overvoltage, cell un-
dervoltage, rack overvoltage, rack undervoltage, high
battery cell temperature, charge overcurrent and dis-
charge overcurrent. The minor failure system moni-
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tors voltage imbalance, low temperature and tempera-
ture unbalance, and monitors abnormality of the sys-
tems detecting any voltage sensing error, current de-
tection abnormality, communication abnormality and
MCCB abnormality. On the other hand, the battery
system is protected from short circuit by the fuse in the
rack. Furthermore, the cell unit, provided with several
protection mechanisms, disconnects abnormal cells
from the circuit at the time of overcharging and over-
heating. The mechanism that lowers the cell’s internal
pressure (safety valve) operates as a final protection.
These protection systems allow safe use.

2.3 Maintenance service

The number of racks is determined with the design
lifespan of LIBs as 15 years, but we also provide a ca-
pacity guarantee service of 15 years in accordance with
the lifespan of the UPS systems. To get the capacity
guarantee of 15 years, it is essential that the actual
ambient temperature and the discharge conditions
meet the specifications. The depth and number of
times of discharge has a sufficient margin in compari-
son with the actual normal blackout, and LIBs are un-
likely to be used under the condition exceeding the set
discharge conditions. On the other hand, the ambient
temperature may change depending on the installation
location and arrangement and setting temperature of
air conditioners; therefore, temperature monitoring is
vitally important. In the case of the capacity guaran-
tee of 15 years, it is necessary to periodically replace
the switchgear, SMPS assembly and fuses. Fuji Electric
is responsible for performing the maintenance service.

The deterioration of the capacity can be checked by
analyzing the data in the BMS.

3. Characteristics of Employed LIB
Manufactured by Samsung SDI Co., Lid

The applications of LIBs and materials of positive
electrodes, negative electrodes and electrolytes of LIBs
differ by manufacturers. The employed LIB manufac-
tured by Samsung SDI Co., Ltd. consists of a positive
electrode made of lithium manganese oxide, which is a
composite oxide of lithium transition metal, a graphite
negative electrode, and an electrolyte made of a water-
insoluble organic solvent. To be used for UPSs, LIBs
are required to have high voltage, high energy density
and a high discharge rate. The employed LIB has a cell
voltage of 3.8V and an energy density of 135 Wh/kg,
which are higher than those of other LIBs, contribut-
ing space saving. The LIB also has a rated capacity of
67 Ah and discharge rate*® of 6C or more, and its 3 to 4
parallel connection system is sufficient for a UPS hav-
ing a single-unit capacity of 500 kVA. Thus, it is suit-
able for UPS applications.

The LIBs manufactured by Samsung SDI Co., Ltd
are widely used and it has a top share in the usage for
automobiles and cellular phones in the global market.
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They were quickly used for UPS applications also and
have been widely used in Asian countries including
South Korea since 2011. The LIBs are also low-cost
when compared with lead batteries in terms of the life
cycle cost of a 15-year design lifespan of UPS systems.
Thus, judging comprehensively, we uses the LIB man-
ufactured by Samsung SDI Co., Ltd having a perfor-
mance suitable for UPS applications, abundant track
records, and cost advantages.

4. Advantages and Disadvantages

The following refers to the advantages and disad-
vantages of LIBs and high-rate discharge lead storage
batteries, which have been conventionally used, for
UPSs.

4.1 Comparison of battery characteristics

The design lifespan of lead storage batteries is 7
to 9 years. In contrast, LIBs can be used for 15 years
and can be replaced at the same time of UPS system
replacement. When the capacity of lead storage bat-
teries goes below 80%, the capacity starts to decrease
rapidly; therefore, the period for replacing the battery
needs to be determined appropriately. However, the
capacity of LIBs decreases approximately constantly
during the lifetime, and the period for replacing the
battery can be determined easily beforehand. LIBs
also have good capacity decrease characteristics with
respect to temperature. Lead storage batteries fol-
low the Arrhenius’ law, and the capacity becomes 50%
when the temperature increases by 10°C. In contrast,
when the temperature increases by 10°C, the capac-
ity of LIBs after 15 years decreases by approximately
10%.

Another significant advantage of using an LIB for
UPS is that the discharge capacity that can be taken
out is stable. Regarding lead storage batteries, the ca-
pacity that can be taken out decreases as the discharge
current increases. The capacity that can be taken out
also decreases as the temperature decreases. Further-
more, when the discharge current is small, manage-
ment of final voltage and slow discharge becomes nec-
essary. On the other hand, a capacity decrease due to
the difference in discharge current and ambient tem-
perature for LIBs is low.

The disadvantage of LIBs is that the maximum
discharge current is lower than that of lead storage
batteries. The high-rate discharge lead storage batter-
ies for UPS can supply a large current such as 1.2 C/5
sec. Meanwhile, the maximum discharge current of

*3: Discharge rate: Discharge rate (C rate) = discharge cur-
rent (A) / battery capacity (Ah). For example, when the
capacity is 67 Ah (1-hour rate), the discharge rate of the
battery 1C indicates that the battery discharges for 1
hour at a current of 67 A. Note that C does not indicate
a coulomb.
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Table 4 Comparison of LIB and high-rate discharge lead
storage battery

Ttems lead storage battosy LIB
Capacity 350 Ah (10-hour rate) | 201 Ah (1-hour rate)
Design lifespan 7 to 9 years 15 years
Storage unit W4,000 x D1,000 x W2,100 x D700 x
dimensions H2,350 (mm) H2,350 (mm)
il;f{c:llation area 100% 53%
Weight 9,600 kg 2,100 kg
Weight ratio 100% 22%

LIBs is 6.7 C.

4.2 Comparison of LIB and high-rate discharge lead stor-

age battery

Table 4 shows the comparison of an LIB and a lead
storage battery for high-rate discharge. Conditions
during the design lifespan are set as follows: a backup
time of 5 minutes, a load capacity of 500 kVA, a power
factor of 0.9 and an ambient temperature of 25°C.
The number of discharge times was calculated simu-
lating several times of discharge a year for lead stor-
age batteries and a 5% discharge 24 times a year and
100% discharge 2 times a year for LIBs. As a result,
LIBs have a footprint ratio of 53% and a weight ratio
of 22%, and can save the space needed for an electric
room.

5. Safety Measures

The safety standards for LIBs are established in
the TEC standards, JIS, and the Electrical Appliance
and Material Safety Act. In addition, the UN Recom-
mendations on the Transport of Dangerous Goods
stipulates the safety of land, sea and air transporta-
tion. In December 2011, “Examination report on the
approach to safety measures concerning lithium ion
batteries in dangerous facilities” was issued by the
Dangerous Goods Safety Office of the Fire and Disaster
Management Agency of the Ministry of Internal Affairs
and Communications. To reexamine the fire risks,
LIBs were demonstrated and tested for the report in
terms of 3 items: the fire risks before and after sealing,
safety measures for storage batteries, and safety dur-
ing storage. On the basis of the result, the approach to
safety measures for dangerous facilities that store or
handle the LIBs are formulated.

5.1 UN Recommendations on the Transport of Dangerous

Goods (UN3480)

The LIBs have passed the safety tests related to
battery modules that are specified in UN3480, which
are altitude simulation test T1, temperature test T2,
vibration test T3, impact test T4 and external short-
circuit test T5. In Japan, the LIBs are transported in
storage cases that meet a UN standard and the battery

modules are installed in the rack on site to stabilize
quality.

5.2 |IEC standards and JIS

Samsung SDI Co., Ltd has been certified as meet-
ing the international standard TEC 62619 for battery
cells, battery modules, and BMS. The test items,
conditions and judgment method of JIS C 8715-2,
the “Secondary Lithium Cells and Batteries for Use
in Industrial Applications,” established in 2012 are
equivalent to the ones of IEC 62619 as shown in Table
5. Thus, the products conform to JIS C 8715-2. The
product is determined to be conforming if it satisfies
either of the thermal runaway resistance test and the
fire spread resistance test.

Further, it is particularly important to prevent
contamination by foreign substances during a cell pro-
cess. An internal short-circuit test assuming contami-
nation by foreign substances is specified. In the inter-
nal short-circuit resistance test, a charged single cell is
disassembled, and a nickel piece is placed between the
separator and the positive electrode active material at
the outermost periphery or between the separator and
the negative electrode active material. The test piece
is then verified whether the initial voltage drops by
50 mV or more while being pressurized in a pressur-
izing device. In this test, Samsung SDI Co., Ltd has
confirmed that it does not drop voltage and does not
cause internal short circuit even when pressurizing up
to 400 N.

5.3 Electrical Appliances and Materials Safety Act

In 2008, the Order for Enforcement of the Electri-
cal Appliances and Materials Safety Act was revised,
and LIBs that meet certain requirements came to be
subject to the Electrical Appliances and Materials
Safety Act. This standard has the same test items as
TIEC 62133 (JIS C 8712 stipulates similar safety stan-
dards as IEC 62133) and JIS C 8714 have. The vol-
ume density of the LIB per cell is 261 Wh/L, which is

Table 5 Comparison of JIS C 8715-2 and IEC 62619

JIS C 8715-2 IEC 62619

External short-circuit test | External short-circuit test

Applicable

Impact test Impact test
Drop test Drop test
Cell Thermal abuse test Thermal abuse test

Overcharge test Overcharge test

Forced discharge test Forced discharge test

Thermal runaway

. Internal short-circuit
resistance test

Fire spread resistance
test

Overcharge control of
voltage

Overcharge control of

System voltage

Overcharge control of
current

Overcharge control of
current

Overheating control Overheating control
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smaller than 400 Wh/L, and the LIB is not subject to
this Act.

5.4 Handling of LIB under the current Fire Services Act

The electrolytes of LIBs correspond to water-
insoluble substances that fall into dangerous goods
class IV second oil division, and the quantity is speci-
fied to be 1,000 L. The electrolytes also need to con-
form to the technical standards of dangerous materials
stipulated in the government ordinance. For danger-
ous materials of less than specified quantity, storing or
handling must follow the fire prevention ordinance of
each municipality.

5.5 Safety measures for dangerous facilities that store or
handle LIBs

The safety measures related to the storage and
handling of storage batteries are stipulated as follows
on the basis of the fact that the fire risk is greatly re-
duced by the UN Recommendations on the Transport
of Dangerous Goods, the Electrical Appliances and Ma-
terials Safety Act, IEC standards and JIS, and certain
knowledge has been obtained by experiments.

When a storage battery meets the following (1) to
(2), it is not necessary to take the following measures:
(1) Impact test (limited to storage batteries that are

not subject to the Electrical Appliance and Mate-

rial Safety Act) specified in T4 of the United Na-

tions Recommendation (UN 3480) 38.3,

Or, safety is secured against the external burden
by crushing test prescribed in the Electrical Appliance
and Material Safety Act.

(2) In case of leakage or flammable vapors are not
confirmed from the inside of the storage battery in

the drop test from the height of 3 m.

The LIB is conforming because it passed the rec-
ommendation of the United Nations and the 3-m drop
test. Therefore, the LIB does not have to meet the
following requirement for dangerous facilities or the
small-amount dangerous facilities that store or handle
liquid dangerous materials.

(a) The electrical equipment shall have an explo-
sion-proof construction.

(b) Floors shall have structure that doesn’t allow
hazardous substances to permeate, and the floor
shall be inclined and fitted with a collection
drain (a catch-basin).

(¢) Equipment shall be installed for discharging

226

flammable vapor and particulates outside from a
high position.

5.6 Regulation on storage of dangerous materials accord-
ing to use districts

For buildings that store and process dangerous
materials, the Building Standards Act stipulates “unit
regulation” associated with securing fire prevention
safety of the building itself and “use regulation” as-
sociated with geographical conditions. The City Plan-
ning Act and the Building Standards Act are provided
with a use district designation system for creating a
good urban environment and securing functional ur-
ban activities by appropriately arranging residential,
commercial and industrial districts in the city. This
system determines land use as a general framework
of residential, commercial and industrial urban ar-
eas. The use districts are classified into 12 types, and
a restriction is imposed for each use district. The LIB
corresponds to dangerous materials to be subject to
the use regulation, and it is necessary to keep the re-
stricted amount of storage in accordance with the use
district. According to this, it is permitted to store 50
times the specified quantity in quasi-industrial dis-
tricts, 10 times the specified quantity in commercial
districts, and 5 times the specified quantity in quasi-
residential districts.

The general LIB capacity of the UPS7000HX Se-
ries and the UPS6000DX Series is below the above
restricted amount of storage, and the products are not
subject to the regulation.

6. Postscript

The “UPS7000HX Series” and “UPS6000DX Se-
ries” having lithium ion batteries have been described.
The UPS conform to safety standards and regulations
related to dangerous material storage. Thus, we would
like to offer these UPSs to data centers to contribute to
their space saving. We will be expanding the applica-
tions to overseas projects and medium-capacity UPSs
of 100 kVA or lower.

References

(1) Yamagata, Y. et al. “UPS 7000HX Series” of High-
Efficiency, Large-CapacityUPS Products Using AT-NPC
3-Level for Data Centers. FUJI ELECTRIC REVIEW.
2012, vol.58, no.4, p.207-211.

FUJI ELECTRIC REVIEW vol.64 no.4 2018



“XS Series” 650-V Discrete IGBTs

HARA, Yukihito®

Global energy demand is increasing steadily and
further energy conservation is called for.

In this situation, there is a strong demand for
switching devices with a lower loss in order to improve
the efficiency of uninterruptible power systems (UPSs)
for equipment requiring high-quality power and power
conditioning systems (PCSs) that convert direct cur-
rent power generated by photovoltaic systems into
alternating-current power.

Fuji Electric has developed and launched the “XS
Series” 650-V discrete IGBTs as a product line that
improves the on-state voltage and switching loss trade-
off characteristic to improve the efficiency of UPSs and
PCSs.

1. Features

Figure 1 shows the appearance of the XS Series
and Table 1 the line-up. The major features are as fol-
lows:

(a) Recommended drive frequency £w= 10 to 50 kHz

(b) On-state voltage Vcggat) = 1.5V (Ty; = 125°C)

(¢) Turn-off loss ot = 0.86md (7Ty; = 125°C, turn-off
dv/idt =10 kV/us)

2. Chip Technology

This product is based on the insulated gate bipolar
transistor (IGBT) and free wheeling diode (FWD) chip
technologies of the 7th-generation “X Series,” and it
has the optimum design for discrete products used at
fsw of 10 to 50 kHz.

The IGBT uses the miniaturization and thin-wafer
technologies of the 7th-generation chip technology as
the basis and has a surface structure optimized for
discrete applications and Vigat) reduced. The collec-
tor layer features hole injection control to decrease
the switching loss. This has achieved a significant
improvement in the trade-off characteristic from that
of the conventional products with a 0.5-V reduction in
VeEGat) and an approximately 20% reduction in Fog, as
shown in Fig. 2.

The FWD has also improved the V¢ and E,, trade-
off characteristic by making use of the thin wafer
and lifetime optimization technologies of the 7th-
generation chip technology as shown in Fig. 3. It also
achieved a low surge voltage with a soft recovery char-
acteristics and a reduction of V& by approximately

Ic=50A, Ty;=125°C
1.4
“High-Speed W Series”

1.2} FGW50N65WE
%\ |
z‘; Lo “XS Series”
S FGW50XS65C

A
0.8}
0 6 L L L L
1.2 1.4 1.6 1.8 2.0 2.2
VCE(sat) (V)

Fig.1 “XS Series” (TO-247 package)

Table 1 “XS Series” line-up

Fig.2 Trade-off characteristic (IGBTs)

Ic (T=100°C) -
VeE Package Built-in FWD
30A 40A 50A 75A
TO-247 FGW30XS65 FGW40XS65 FGW50XS65 FGW75XS65 None
650 V FGW30XS65C FGW40XS65C FGW50XS65C FGWT75XS65C Provided
TO-247-4L - - - FGZ75XS65C Provided
* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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Ir=50 A, Ty = 125°C
0.6
0.5
“XS Series”
04F FGW50XS65C
= A
’g “High-Speed W Series”
£ 0.3 FGW50N65WE
;,5 |
0.2
0.1F
0 L L L L L
1.6 1.7 1.8 1.9 2.0 2.1 2.2
Ve (V)

Fig.3 Trade-off characteristic (FWDs)
0.3V from conventional products.
3. Package

As with conventional products, the industry stan-
dard TO-247 package has been employed. For the sol-
der to connect between the chip and lead frame, lead-
free solder is used, which conforms to the RoHS Direc-
tive*! (EU2011/65/EU).

4. Effect of Application

UPSs and PCSs of a few kilovolt-amperes to
50 kVA often use discrete IGBTs to compose the in-
verter circuits with 3-level inverters (I-type and T-
type) shown in Fig. 4.

Figure 5 shows the calculation result of the gener-
ated loss in the discrete IGBT of the I-type 3-level in-
verter. As compared with the “High-Speed W Series,”
a conventional product line, the XS Series has the loss
reduced on the outside (T'1 and T4) and the inside (T2
and T3) by improving the Vcggat) and FEofr trade-off
characteristic.

Figure 6 shows the result of calculating the gener-

JK} T2

(a)I-type (b)T-type

Fig.4 3-level inverter (I-type and T-type)

*1: RoHS Directive: A European Union (EU) directive
on the restriction of the use of certain hazardous sub-
stances in electrical and electronic equipment
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fc=20Hz, V=400V, Ic=30 A
Ver=+15/-8V, Tyj=125°C, cos =1
Turn-off and turn-on dv/dt fixed

80
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K 50 Poit (T1)
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]
§ 30 1 ey — |
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10 | L P (T) — |
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FGW50XS65C FGW50N65WE
“XS Series” “High-Speed W Series”

Fig.5 Device loss (3-level inverter I-type)

fe=20kHz, Vpc=400V, Ic=30A,
Ver=+15/-8V, R=10Q, T;=125°C, cos 6 = 1

14
*Same for T3
12 |
1o} e
s sf
=
S 6F
<
Eq
4 -
) Pt +Pr(T4) — |
0 L
FGW50XS65C FGW50N65WE
“XS Series” “High-Speed W Series”

Fig.6 Device loss (3-level inverter T-type)

ated loss in the IGBT and FWD in the AC switch (T3
and T4) of a T-type 3-level inverter. The loss gener-
ated in the devices of the AC switch is composed of the
conduction loss of the IGBT and FWD and the recovery
loss of the FWD. As compared with the High-Speed W
Series, the XS Series has a lower on-state voltage of
the IGBT and FWD and features lower loss with the T-
type as well.

Launch time
September 2018

Product Inquiries
Sales Department I, Sales Division,
Electronic Devices Business Group,
Fuji Electric Co., Ltd.
Tel: +81 (3) 5435-7152
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7th-Genenation ‘X Series” RC-IGBT Module
“Small-2B”’

TAKASAKI, Aiko*

YAMANO, Akio*

ICHIKAWA, Hiroaki*

Recently, as a solution to the energy resource
depletion and global warming issues, expectations are
rising for power electronics technology that contributes
to the efficient use of energy. Above all, demand is in-
creasing for insulated gate bipolar transistor (IGBT)
modules, which are major components of power conver-
sion equipment used in a wide range of fields including
the industrial, consumer, automobile and renewable
energy ones. A lowered power dissipation and im-
proved reliability are strongly required of these IGBT
modules. To make equipment smaller, there is also
high demand for increasing the output current while
maintaining the same package size as conventional
products. However, increasing the output current of
an IGBT module causes the operation temperature of
IGBT and free wheeling diode (FWD) to rise, possibly
leading to lower reliability. Accordingly, it is essen-
tial to have technological innovation for achieving both
high output and high reliability.

Fuji Electric has developed the 7th-generation “X
Series” semiconductor chips and packages to commer-
cialize high-reliability IGBT modules. For this series,
Fuji Electric has newly developed a reverse-conducting
IGBT (RC-IGBT).

This RC-IGBT has the conventional IGBT and
FWD functions integrated into one chip, as is shown in
Fig. 1, making the chip area per rated current smaller.
This has made it possible to mount more chips, which
has resulted in a larger output as compared with con-
ventional products that use the same package.

This paper describes the “Small-2B,” an RC-IGBT

IGBT FWD RC-IGBT

Collector

Collector Cathode

Gate %S

Emitter Anode Emitter

Fig. 1 Schematic drawings of RC-IGBT chips and equivalent
circuits

* Electronic Devices Business Group, Fuji Electric Co., Ltd.
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module integrating this RC-IGBT chip.
1. Technologies Applied

1.1 Chip technology

The X Series IGBTs have the collector-emitter
saturation voltage VcEeat) significantly reduced be-
cause the surface gate structures have been miniatur-
ized as compared with the “V Series” 6th-generation
IGBTs. The products formed into a thin wafer have
achieved an improved trade-off relationship between
the turn-off loss and VcEggat). On the other hand, a thin
wafer causes a voltage oscillation at turn-off energy
and reduces the breakdown voltage in case of without
technical considerations. Therefore, we have solved
this problem by optimizing the field stop layer, which

P Emitter

Gate
p-base

- L)

1 Current 1 LAY
/\Field stop
layer

n* cathode

p+ collector
(a) RC-IGBT chip schematic structure
Measurement conditions: IGBT side T'y;=25°C,
Vg =+15V, FWD side 7'y;=25°C, V=0V
200
150 |

50 FWD(<0)

ol Vi \\’ pmm———
Re
—-50 F

4
’

-100 S IGBT/FWD output characteristic
_150 ’ (1,200 V/100 A rated chip)
’
~200 M L L L L
-3.0 -2.0 -1.0 0 1.0 2.0 3.0
Collector-emitter saturation voltage Voggay (V)
Forward voltage Vi (V)

IGBT(>0)
Vegean

Collector current I (A)

(b) Output characteristic

Fig. 2 Cross-sectional view and output characteristic of X Se-
ries RC-IGBT chip
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Measurement conditions 7%; = 150°C, Vigan: Lo =100 A, Vop=+15V,
Eot : Voc=600V, Ic=100 A, Veg=+15V/-15V,

Reverse recovery dv,,/dt = 10 kV/us

= 20

15 F
0.5 V reduced

ho) C:I O V Series IGBT

~

IGBT turn-off energy E (m.

10 |
. ~od
X Series RC-IGBT O<5
5 -
(1,200 V/100 A rated chip:
Same current density as V Series)
0 L L L
1.0 1.5 2.0 2.5 3.0

Collector-emitter saturation voltage Vogeary (V)

Fig. 3 Trade-off characteristic of X Series RC-IGBT chip

is the voltage withstanding structure on the back side
of semiconductor chips.

The following describes the RC-IGBT to which
the X Series technology has been applied. Figure 2(a)
shows a schematic structure of the X Series RC-IGBT
chip and Fig. 2(b) the output characteristic. An RC-
IGBT has the structure of both IGBT and FWD in one
chip and allows a current to flow in both the forward
(solid line) and reverse (dotted line) directions.

As shown in the IGBT turn-off energy and Vcgat)
trade-off characteristic of the X Series RC-IGBT in Fig.
3, VCEgat) has been reduced by approximately 0.5V
from that of the conventional V Series.

1.2 Package technology

In order to realize a high output current, the X
Series IGBT module has increased the guaranteed con-
tinuous operating temperature from the conventional
150°C to 175°C. A higher output current increases the
current variation arising from load fluctuation. This
in turn causes a larger temperature fluctuation and
thermal stress variation as well. Therefore, persist-
ing in the conventional structure may cause the alu-
minum wire bonding on the semiconductor chips and
solder under the chips to deteriorate, thus shortening
the product life, and may cause lower reliability. The
silicone gel filled inside the products for ensuring in-
sulation performance is exposed to high temperature
for a long time and the insulation performance may
be deteriorated. With the X Series, we have optimized
the aluminum wire layout, solder under the chips and
silicone gel to solve these problems.

2. Product Line-Up

Table 1 compares the V Series, X Series and X Se-
ries RC-IGBT of the “Small-2B” line-up. Up to now,
the maximum rated current was 35 A for the V Series
and the X Series. The RC-IGBT technology has newly
been applied to increase the maximum rated current to
50 A.
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Table 1 “Small-2B” line-up comparison

Rated current (A)

5 | 25 | 3 50
V Series V-IGBT + V-FWD
T T

Small-2B i i
X Series X-IGBT + X-FWD X-RC

: mm)

Package appearance

3. “Small-2B” Characteristics

Figure 4 shows the result of calculating power dis-
sipation in an inverter using the X Series RC-IGBT
module Small-2B 1,200 V/50 A. As compared with us-
ing the V Series IGBT module Small-2B 1,200 V/35 A,
power loss of the X Series RC-IGBT module is approxi-
mately 15% lower.

Figure 5 shows the result of calculating the IGBT
junction temperature against the inverter output cur-

Calculation conditions: T'y; = 150°C, Ve =600V, Ioems) =25 A,
Vee=+15V/-15V, fo =50 Hz, fc =8 kHz, cos¢ =0.9, A =1,

Gate resistance Rg: Reverse recovery dvyy/dt = 10 kV/us, (Ir=0.5 A),
power running

§ 80

~ T0F

g 61.4 W

T 40} | Pon L
[}

B |

2 &l | — P —— |
5 20}

k=

g 10 | ,/Psat\\
=]

—_ 1

V Series 1,200 V/35 A X-RC 1,200 V/50 A

Fig. 4 Result of inverter power loss calculation

Operating conditions: 7y; = 150°C, V. =600V, fc = 8 kHz, fo = 50 Hz,
Reverse recovery dvy,/dt = 10 kV/us

200

175 ====mmmmmmmmmm T

150~

)
<
s‘?
&
2
s Small-2B
g 125} V-IGBT
£ 100 AOOVEA 'Small-2B X-RC!
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rent. We have reduced the inverter power dissipation

and raised the guaranteed continuous operating tem- Product Inquiries

perature from 150°C of the V Series to 175°C of the
X Series to successfully achieve a 60% increase in the
output current of products with the same package.

Launch time
September 2018

7th-Genenation “X Series” RC-IGBT Module “Small-2B” 2018-S04-3

Sales Department I, Sales Division,
Electronic Devices Business Group,
Fuji Electric Co., Ltd.
Tel: +81 (3) 5435-7152
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High Speed Hybrid Modules Combining High Speed
IGBTs with SIC-SBDs

USUI, Ryosuke*

KATO, Yoshiharu®

In recent years, there has been greater demand
to reduce emissions of greenhouse gases such as COg2
as a measure to suppress global warming. In order
to achieve this, it has become necessary to promote a
higher degree of energy savings in a variety of fields.
Innovation of components such as power devices, cir-
cuits, and control mechanisms is required to advance
energy savings in power conversion equipment typified
by inverters, and it has become an important goal to
achieve even less power dissipation in power devices.
Moreover, in order to realize further miniaturization
and better efficiency in power conversion equipment,
an increasing number of applications are performing
power conversion at high frequencies, and there is
greater demand for high-speed low-loss switching. It
is against this background that Fuji Electric has devel-
oped and commercialized high-speed hybrid modules
that incorporate a high-speed insulated gate bipolar
transistors (IGBT) that can operate at a switching
speed of 20 kHz or higher and Schottky barrier diodes
(SiC-SBD) into a conventional package (see Table 1).

1. Features

The high-speed hybrid module, which combines
high-speed IGBTs and SiC-SBDs, makes use of the
same package as conventional Si modules in order to

maintain compatibility. The diode makes use of a Fuji

Table 1 High-speed hybrid module

Electric SiC-SBD chip (withstand voltage of 1,200 V)
while the IGBT makes use of a chip optimized for
high-speed switching based on the 6th-generation “V
Series.” In 1,200-V/200-A rated products, loss is re-
duced by approximately 56% compared with the 7th-
generation “X Series” Si modules.

1.1 Product line-up

Table 2 shows the product line-up for the high-
speed hybrid module. Fuji Electric has recently devel-
oped a module with a 2-in-1 circuit configuration.

1.2 Generated loss of inverter

In this section, as an example, the generated loss
of an inverter equipped with a 1,200-V/200-A hybrid
module that utilizes an M276 package is described.
Figure 1 shows the result of simulating generated loss
in the inverter. In the high-speed switching region
with a switching frequency of 20 kHz or higher, the
generated loss of the inverter equipped with the high-
speed hybrid module was approximately 56% less than
that of the X Series Si module. Furthermore, the rate
of reduction increased in correlation with increases

Table 2 High-speed hybrid module product line-up

Circuit Dimensions Rated | Rated

Package configu- voltage | current
ration | Wx D x H (mm) (%) (A)
. . 200
Standard 2in1| 2in1 |62.0x 108.0x 30.9| 1,200 300
Dual XT 2in1 |62.0x 150.0x 20.5| 1,200 300

Package Equivalent circuit

(O High-speed
IGBT
() SiC-SBD

Standard 2-in-1 M276

(O High-speed
IGBT
() SiC-SBD

Dual XT M254

* Electronic Device Business Division, Fuji Electric Co., Ltd.
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Tyi =125 °C, Logme = 100 A, Vire = 600V, fo = 60 Hz,
570 cos¢ =0.9, L=1.0, 3-phase PWM

500k (D Ex B Ve O Eor B Eon O Vopen]

700 |-
600 |-

500 |-
400 | 56% reduction

300 |
200 -
m
1 1 1

Generated loss of inverter (W)

0
Si High- Si High- Si High- Si High-
speed speed speed speed
hybrid hybrid hybrid hybrid
fo(kHz) 20 30 40 50

Fig.1 Inverter generated loss simulation results
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in switching frequency, and it can contribute to high-
efficiency operation and miniaturization through the
high-frequency operation of the inverter.

2. Supporting Technologies

2.1 SiC-SBD based reduction of turn-on loss and reverse
recovery loss

Figure 2 shows a comparison between reverse re-
covery waveforms of the high-speed hybrid module and
X Series Si module. The high-speed hybrid module
has a considerably small reverse recovery current peak
value. This is explained by the fact that SiC-SBD is a
unipolar device, and so it causes no minority carrier
injection. Compared with the X Series Si module, the
1,200-V/200-A high-speed hybrid module reduces re-
verse recovery loss by 92%.

Furthermore, the peak value of the reverse recov-
ery current in the free wheeling diode (FWD) is re-
flected in the peak value of the turn-on current in the
IGBT of the opposing arm. As the peak value of the
reverse recovery current gets smaller, the peak value
of the turn-on current reduces, allowing the IGBT to
reduce turn-on loss. Figure 3 shows a comparison be-
tween turn-on waveforms of the high-speed hybrid
module and X Series Si module. Similar to reverse
recovery waveforms, the peak value of the turn-on cur-
rent is quite small. Compared with the X Series Si
module, the 1,200-V/200-A high-speed hybrid module
reduces turn-on loss by 84 %.

2.2 High-speed IGBT based reduction of turn-off loss
The high-speed IGBT is based on existing V

V=600V, Ic=200 A, Vog=+15 V/-15V, R = 4.7 Q, Ty; = 125°C

Vak : 200 V/div
Iy : 50 A/div
- ¢ : 200 ns/div

N\/\/\/V\vawvw——
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A AT AL AL SN Tt el

Reverse recovery current
peak value reduction

e

E.=11mJ
L

(a) High-speed hybrid module

Vee=600V, Ic=200 A, Vep=+15V/-15V, R;=0.27 Q, T\j=125°C
| Vak : 200 V/div
Iy : 50 A/div

- ¢ : 200 ns/div

0A | Vax
ov

L
E,.=14.4mJ

(b) Si module

Fig.2 Reverse recovery waveforms
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(a) High-speed hybrid module
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(b) Si module

Fig.3 Turn-on waveforms

Series IGBT. It reduces turn-off loss by using an ac-
tive structure that significantly reduces parasitic ca-
pacitance and by reducing the concentration of impuri-
ties in the collector layer responsible for suppressing
hole injection. Figure 4 shows a comparison between
turn-off waveforms of the high-speed hybrid module
and X Series Si module. Compared with the X Series
Si module, the high-speed hybrid module achieves a

Voe=600V, Ic=200A, Veg=+15V/-15V, R;=5.6 Q, T\,; = 125°C

| Ve
oV |
i Ve : 20 V/div
1. Ve : 200 V/div
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[ Tail current reduction
oal Ver Eo=12.8md
0 V L L L L

(a) High-speed hybrid module

Voe=600V, Ic=200A, Vop=+15V/-15V, R; = 0.27 Q, T\; = 125°C
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i Ver : 20 V/div

- 7 Ver : 200 V/div

¢ I 50 Aldiv
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DA B Ves E=19.2 md
oV ‘ ‘

(b) Si module

Fig.4 Turn-off waveforms
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33% reduction by greatly improving tail current during

turn-off. Product inquiries
Sales Department I, Sales Division,
Launch time Electronic Devices Business Group,
August 2019 Fuji Electric Co., Ltd.

Tel: +81 (3) 5435-7152
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Overseas Subsidiaries

* Non-consolidated subsidiaries

Fuji Electric Corp. of America
Sales of electrical machinery and equipment, semiconductor devices,
drive control equipment, and devices
Tel +1-732-560-9410
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

Fuji Electric Asia Pacific Pte. Ltd.
Sales of electrical distribution and control equipment, drive control
equipment, and semiconductor devices
Tel +65-6533-0014
URL http://www.sg.fujielectric.com/

Fuji SMBE Pte. Ltd.
Manufacture, sales, and services relating to low-voltage power distribu-
tion board(switchgear, control equipment)

Tel +65-6756-0988
URL http://smbe.fujielectric.com/

Fuji Electric (Thailand) Co., Ltd.
Sales and engineering of electric substation equipment, control panels,
and other electric equipment

Tel +66-2-210-0615
URL http://www.th.fujielectric.com/en/

Fuji Electric Manufacturing (Thailand) Co., Ltd.
Manufacture and sales of inverters (LV/MV), power systems (UPS, PCS,
switching power supply systems), electric substation equipment (GIS) and
vending machines

Tel +66-2-5292178
Fuji Tusco Co., Ltd.

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

Tel +66-2324-0100
URL http://www.ftu.fujielectric.com/

Fuji Electric Vietnam Co.,Ltd. *
Sales of electrical distribution and control equipment and drive control
equipment
Tel +84-24-3935-1593
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
Tel +84-28-3742-0959
URL www.fujicac.com

PT. Fuji Electric Indonesia
Sales of inverters, servos, UPS, tools, and other component products
Tel +62 21 574-4571
URL http://www.id.fujielectric.com/

Fuji Electric India Pvt. Ltd.
Sales of drive control equipment and semiconductor devices
Tel +91-22-4010 4870
URL http://www.fujielectric.co.in

Fuji Electric Philippines, Inc.
Manufacture of semiconductor devices
Tel +63-2-844-6183

Fuji Electric (Malaysia) Sdn. Bhd.
Manufacture of magnetic disk and aluminum substrate for magnetic disk
Tel +60-4-403-1111
URL http://www.fujielectric.com.my/

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
Tel +886-2-2511-1820

Fuji Electric Korea Co., Ltd.
Sales of power distribution and control equipment, drive control equip-
ment, rotators, high-voltage inverters, electronic control panels, medium-
and large-sized UPS, and measurement equipment
Tel +82-2-780-5011
URL http://www.fujielectric.co.kr/

Fuji Electric Co.,Ltd. (Middle East Branch Office)
Promotion of electrical products for the electrical utilities and the indus-
trial plants

Tel +973-17 564 569

Fuji Electric Co., Ltd. (Myanmar Branch Office)
Providing research, feasibility studies, Liaison services
Tel +95-1-382714

Representative office of Fujielectric Co., Ltd. (Cambodia)
Providing research, feasibility studies, Liaison services
Tel +855-(0)23-964-070

Fuji Electric Europe GmbH
Sales of electrical/electronic machinery and components
Tel +49-69-6690290
URL https://www.fujielectric-europe.com/

Fuji Electric France S.A.S
Manufacture and sales of measurement and control devices
Tel +33-4-73-98-26-98
URL https://www.fujielectric.fr/en

Fuji N2telligence GmbH *
Sales and engineering of fuel cells and peripheral equipment
Tel +49 (0) 3841 758 4500

Fuji Electric (China) Co., Ltd.
Sales of locally manufactured or imported products in China, and export
of locally manufactured products

Tel +86-21-5496-1177
URL http://www.fujielectric.com.cn/

Shanghai Electric Fuji Electric Power Technology
(Wuxi) Co., Ltd.
Research and development for, design and manufacture of , and provi-
sion 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

Tel +86-512-5284-5642
URL http://www.fujielectric.com.cn/csfe/

Fuji Electric (Zhuhai) Co., Ltd.
Manufacture and sales of industrial electric heating devices
Tel +86-756-7267-861
URL http://www.fujielectric.com.cn/fez/

Fuji Electric (Shenzhen) Co., Ltd.
Manufacture and sales of photoconductors, semiconductor devices and
currency handling equipment

Tel +86-755-2734-2910
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

Dailan Fuji Bingshan Vending Machine Co.,Ltd.
Development, manufacture, sales, servicing, overhauling, and installa-
tion of vending machines, and related consulting

Tel +86-411-8754-5798

Fuji Electric (Hangzhou) Software Co., Ltd.
Development of vending machine-related control software and develop-
ment of management software

Tel +86-571-8821-1661
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

Tel +852-2664-8699
URL http://www.hk.fujielectric.com/en/

Hoei Hong Kong Co., Ltd.
Sales of electrical/electronic components
Tel +852-2369-8186
URL http://www.hoei.com.hk/



Innovating Energy Technology

Throth our pursuit of innovation in electric and
thermal energy technology,
we develop products that maximize energy efficiency and
lead to a responsible and sustainable society.

Corrosion Resistant, Material, and Device Technology Power Electronics Technology

Hot Water Utilization Technology Power Devices (IGBT) Power Conditioning Systems (PCS)
Geothermal Power Plants for Megasolar Plants

Power Electronics Technology Power Electronics Technology, Heat Excange and

Inverters Uninterruptible Power Supply Refrigerant Control Technology
Systems (UPS) Hybrid Heat Pump
Vending Machines

= Fuiji Electric
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